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Abstract
Seitavuopio, P.J, 2006. The roughness and imaging characterisation of different pharmaceutical 
surfaces
Dissertationes biocientiarum molecularium Universitatis Helsingiensis in Viikki, 10/2006, pp.91, 
ISBN 952-10-3117-4 (print) ISBN 952-10-3118-2 (pdf) ISSN 1795-7079.
The surface properties of solid state pharmaceutics are of critical importance. Processing modifies 
the surfaces and effects surface roughness, which influences the performance of the final dosage 
form in many different levels. Surface roughness has an effect on, e.g., the properties of powders, 
tablet compression and tablet coating. The overall goal of this research was to understand the 
surface structures of pharmaceutical surfaces. In this context the specific purpose was to compare 
four different analysing techniques (optical microscopy, scanning electron microscopy, laser 
profilometry and atomic force microscopy) in various pharmaceutical applications where the 
surfaces have quite different roughness scale. This was done by comparing the image and roughness 
analysing techniques using powder compacts, coated tablets and crystal surfaces as model surfaces.
It was found that optical microscopy was still a very efficient technique, as it yielded information 
that SEM and AFM imaging are not able to provide. Roughness measurements complemented the 
image data and gave quantitative information about height differences. AFM roughness data 
represents the roughness of only a small part of the surface and therefore needs other methods like 
laser profilometer are needed to provide a larger scale description of the surface. The new 
developed roughness analysing method visualised surface roughness by giving detailed roughness 
maps, which showed local variations in surface roughness values. The method was able to provide a 
picture of the surface heterogeneity and the scale of the roughness.  In the coating study, the laser 
profilometer results showed that the increase in surface roughness was largest during the first 30 
minutes of coating when the surface was not yet fully covered with coating. The SEM images and 
the dispersive X-ray analysis results showed that the surface was fully covered with coating within 
15 to 30 minutes. The combination of the different measurement techniques made it possible to 
follow the change of surface roughness and development of polymer coating. The optical imaging 
techniques gave a good overview of processes affecting the whole crystal surface, but they lacked 
the resolution to see small nanometer scale processes. AFM was used to visualize the nanoscale 
effects of cleaving and reveal the full surface heterogeneity, which underlies the optical imaging. 
Ethanol washing changed small (nanoscale) structure to some extent, but the effect of ethanol 
washing on the larger scale was small. Water washing caused total reformation of the surface 
structure at all levels. 
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1. Introduction 
Surface roughness has a large influence on our daily lives since it affects many common 
phenomena like friction. Friction prevents us falling down when we are walking if we have 
enough roughness on our shoes and on the floor. Surface roughness is also important in 
adhesion since a root mean square (Rq) roughness of 1 µm can remove the adhesion between 
a rubber ball and a substrate surface (Persson et al. 2005). Nanoscale roughness is enough to 
remove adhesion between hard solids like metals and minerals. Therefore, surface roughness 
is the reason why the adhesion is not usually observed in most macroscopic phenomena.
Many surface properties such as friction (Koura 1981, Nogueira et al. 2002), surface wear (Qu 
et al. 2005), fluid flow in rough pipes (Hunsaker and Righmire 1947) and the functioning of 
vacuum seals (Kelly et al. 2001) are strictly dependent on surface roughness. In addition, 
surface roughness seems to be important in bioengineering for example in the joints of the 
bones (Tandon and Rakesh 1981) and in assimilation of the surgical implants with the body 
(Wennerberg 1996). Quite often small roughness is desired since small roughness reduces 
wear and energy loss, but when high friction is needed also the roughness should be larger.
Surface roughness also plays an import role in the living nature. For example, Lotus plant 
leaves has a very special surface roughness, which plays a major role in protecting the plant 
from contaminants (Barthlott and Neinhuis 1997; The Lotus Effect 2006). The right kind of 
surface roughness on the plant surface enables plants to self-clean their surfaces. This plant 
surface feature has been used as a model in materials science when developing new surface 
coating materials (Ming et al. 2005). In the human mouth, surface roughness also is important 
since bacterial plaque accumulates more easily on rougher surfaces than on smoother ones 
___________________________________________________________________________
2
(Bollen et al. 1996). On the other hand, in bone implants rougher surfaces have been shown to 
improve the implant’s ability to attach to bone tissue (Suzuki et al. 1997).
The quality of surface finish after processing is one key quality elements in different fields of 
industry. In the steel industry, surface roughness is important since properties like the 
corrosion resistance and clean ability of the steel surfaces are dependent on surface roughness 
(Cochrane 2000). The cleaning and the soiling of the surfaces are affected by the surface 
roughness, but the best roughness range is largely dependent on the materials and application 
(Kloss et al. 2005; Kuisma et al. 2005). Surfaces that are flat on the subnanometer level are 
rare since neither nature nor industrial processes tend to cause smaller or bigger defects on the 
surfaces while surfaces are formed (Majumdar and Bhushan 1999). Special production 
methods must be used in order to produce atomic scale flat surfaces.
It is quite easy to collect numerous phenomena and applications within pharmaceutical 
technology where surface roughness is highly important. One factor influencing powder flow 
is the surface roughness of the powder particles (Holgado et al. 1995). In powder flow a major 
issue is the adhesion of powder particles which is dependent on the surface roughness of 
particles, as the matter of fact, the contact area between the particles (Beach et al. 2002). 
Friction caused by particle shape and the surface roughness is present during tablet 
compression (Eiliazadeh et al. 2003).  The friction is sensed when powder particles adhere to 
each other and to the metal surfaces of the die and punches used. This friction influences the 
formation of the compact. The wetting characteristics and the contact angle of powders are 
phenomena where the influence of surface roughness has to be taken into a account (Muster 
and Prestidge 2002). Although surface roughness is important there have been quite few 
studies in pharmaceutical technology concerning roughness.
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In this research, the main aim was to study and quantify the surface roughness of various 
pharmaceutical systems, where surface roughness exists in very different scales. The image 
information obtained by various techniques was used to support the roughness information. In 
this study the term “image” was used to describe the optical microscope, scanning electron 
microscope, laser profilometer and atomic force microscope images. The term “imaging 
characterisation” of surfaces was used to describe the information, which can be received by 
studying the different kinds of images produced by the techniques used in this study.
___________________________________________________________________________
4
2. Review of the literature 
Since surface roughness is important in so numerous phenomena and applications, it was 
challenging to select the proper points of view for the study. The literature review is 
organized in the following manner.
The main emphasis will be paid to those measuring techniques, which have been applied in 
the experimental studies (I-IV), and other significant measuring techniques will only be 
briefly be described. In addition, the mathematical theory of roughness will be limited to 
those practical models which really have been applied in the experiments described this study. 
Thus, for example, the mathematical theory of autocovariance function and the power spectral 
density function will not be discussed here though they have been quite widely used in 
roughness analysis. On the other hand, a fairly comprehensive description of them can be 
found in the textbooks such as Thomas, 1999. 
2.1 2D surface imaging 
The simplest way to characterise surface structure is visual inspection. The naked eye can tell 
quite much about larger scale features. The resolution of the human eye is limited to slightly 
under 100 µm.  
___________________________________________________________________________
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2.1.1 Optical microscopy 
The first optical compound microscope developed by Hooke in 1664 enhanced visual 
resolution greatly (Hooke 1664). The same three-lens set up is used in current microscopes. 
Since then of course the quality of microscope lenses has improved enormously. Optical 
microscope image is basically similar to the normal camera, where lighting and shadows play 
big part in the image. The lighting of the sample and the shadows that are created on the 
surface dictate what can be seen.  In the optical microscope the field of view, magnification 
and depth of focus go together because when magnification is increased, field of view and 
depth focus became smaller. The theoretical resolution limit of a typical compound optical 
microscope is tied to the light wavelength, the resolution is about half the light wavelength. 
This means a maximum theoretical resolution of approximately 200 nm (Majumdar and 
Bhushan 1999). In practise the optical microscope can separate 1 µm lateral length scales. In 
recent years, some novel optical microscopic techniques have emerged which have 
resolutions in the region of 30-100 nm, but these techniques differ from common optical 
microscopes (Garini et al. 2005). Optical microscopy has been common visual screening 
technique in pharmaceutical dosage forms (Jacob 1999). This method is fast and inexpensive, 
and is a very flexible technique that works in different conditions and with a wide variety of 
samples. The problems with the optical microscope are its the limited resolution and small 
depth of focus. Optical microscopy produces only a two-dimensional view of the surface and 
therefore it cannot accurately describe surface topography or surface roughness.
___________________________________________________________________________
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2.1.2 Electron microscopy 
Scanning electron microscopy (SEM) has usually been the next technique used when higher 
resolutions are needed. SEM is perhaps the most common technique in the characterisation of 
the drug delivery systems (Jacob 1999). The basic principle of SEM was invented in 1931 by 
Ernst Ruska who was awarded half of the Nobel Prize for Physics in 1986 for his invention. 
SEM is based on the scanning of the surface with an electron beam in a vacuum environment 
(Merrett et al. 2002). The schematics of SEM is described in Figure 1. When an electron beam 
hits the sample surface, it creates different kinds of electrons and electromagnetic waves that 
can be analysed. In SEM the electron beam is used as a “probe” and the surface is scanned 
line by line with the electron beam. The SEM image describing surface shapes is usually a 
result of secondary electrons emitted from the surface. The image is a computer-generated 
figure of the electron signals (matrix of data points), not image of light and shadows as the 
optical microscope image. This has be remembered since in some cases SEM images can look 
very similar to optical microscope images, but what the image is describes is dependent on the 
signal used. Other signals emitted from the sample surface can also be used to create SEM 
images and other data. Other commonly used signals in SEM analysis are backscatter 
electrons and x-ray emission signals (Bindell 1992). Backscatter electrons contrast is affected 
by the atom mass of the elements on the surface and x-ray emission signals can be used in 
elemental analysis (see below). Backscatter and x-ray emission signals are useful when 
surface homogeneity / heterogeneity is studied or when certain elements have to be identified 
on the surface. Typically SEM has a horizontal (spatial) resolution of ~5 nm and the vertical 
resolution of 10-20 nm (Bhushan 2001). Compared with the optical microscope SEM has 
much better resolution, but also much better contrast and depth of focus.
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Figure 1. Schematics of SEM. 
These features are especially useful when the good overall view of the sample is needed. SEM 
is well suited for the imaging of surfaces since it can not see through the sample like the 
transmission electron microscope (TEM). The sample surface orientation is more flexible in a 
SEM compared to the atomic force microscope, where the sample has to horizontal. In 
addition, sample shape usually does not cause as much problems as in atomic force 
microscope. The scanning electron microscope is an accurate and flexible technique, but 
samples have to be coated and must be vacuum compatible. The problems with sample 
coating and conductivity can sometimes cause artefacts in the images. Water or moisture in 
the sample can cause problems because ultra high vacuum is a very efficient dryer. Drying or 
the high vacuum itself might destroy or significantly change the sample surface. In addition, 
care must be taken if the materials are sensitive to heat since they can melt or burn under the 
electron beam that can create artefacts. The SEM does not give roughness parameters or 
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quantitative roughness values directly but it can be used in surface roughness analysis 
(Chappard et al. 2003; Chinga 2002). The extraction of the quantitative roughness information 
from SEM images is difficult and complex because many different aspects, affect the contrast 
in the images e.g. electric field enhancement at sharp edges, crystallographic enhancement 
(ASME 1995). For extraction of the quantitative information from SEM data there are 
techniques like reflection/replication, integration of backscattered signals and 
stereomicroscopy (Bhushan 2001).
The transmission electron microscope (TEM) is another type of electron microscope, which is 
more accurate than SEM. TEM looks through the samples and it cannot see the surfaces as the 
SEM does and therefore TEM is not very useful in surface roughness characterisation (Inoeu 
2002). One advantage of SEM is the possibility to combine energy dispersive X-ray analysis 
to the imaging. Energy dispersive x-ray analysis (EDX) or energy dispersive x-ray 
spectroscopy (EDS) is a method that can be used to identify and quantify small amounts of 
basic elements from the sample surface (Geiss 1992; Ebnesajjad and Khaladkar 2005). With 
the EDX technique it is theoretically possible to identity elements which are above beryllium 
(Z=4) in the periodic table of elements, but the identification and quantifications are improved 
when atomic mass is over 10 g/mol. In EDX analysis, an electron beam excites the sample 
surface and then atoms on the surface emit back specific wavelengths of x-rays (Ebnesajjad 
and Khaladkar 2005). These wavelengths are characteristic to the unique atomic structures of 
elements, which enables the identification and quantification of the elements.
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2.2 Measurement of the roughness and 3D imaging 
The measurement of the surface roughness is very technique dependent since different 
roughness measurement techniques have quite different measurement scales. The roughness 
values from the same surfaces can be very different when measured with different techniques 
and different settings of the measurement equipment (Poon and Bhushan 1995; Macdonald et 
al. 2004) (Table 1). The resolution used in the roughness measurement affects the roughness 
results and generally, higher resolution means higher roughness values. The resolution of the 
measurement on the other hand is depend on the line or pixel density of the measurements and 
the size of the used probe. The surface roughness measurements techniques can be divided 
into two main types: profiling and parameter techniques (Vorburger and Teague 1981; ASME 
1995). Profiling techniques measure the surface heights point by point with a high-resolution 
probe that can be some kind of stylus or optical beam. These techniques are usually 
quantitative and accurate. The drawback of these techniques is their usually slow 
measurement speeds. From the data of the profiling techniques, it is possible to create a three-
dimensional image of the surface and use the instrument for 3 D imaging. Parametric surface 
roughness measurement is usually based on the scattering of the light (Vorburger and Teague 
1981; Thomas 1999). Parameter techniques can yield an average view of the surface 
roughness from the measured area. These techniques cannot provide point by point 
information since the number of the measurements made is low, but these techniques are 
usually very fast in comparison with the profiling techniques.
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Table 1. Comparison of roughness measurement techniques (adapted from Bhushan 2001) 
Resolution (nm) Method Quantitative
information
Three-
Dimensional
data Horizontal Vertical
Limitations
Stylus
profilometer
Yes Yes 15-100 0.1-1 Surface damage, slow speed in 3D 
mapping
Optical
profilometer
Yes Yes 500-1000 5-10 Poorly reflecting surfaces  
Atomic force 
microscopy
Yes Yes 0.2-1 0.02 Small scanning area 
Scanning
electron
microscopy
Limited Yes, 1) 5 10-50 Expensive, tedious, limited data, 
conductive surfaces, vacuum, 
small scanning area 
Scanning
tunneling
microscopy
Yes Yes 0.2 0.02 Requires a conducting surface, 
small scanning area 
Optical
interference
Yes Yes 500-1000 0.1-1 Poorly reflecting surfaces  
Light sectioning 
microscopy
Limited Yes 500 0.1-1 Qualitative 
Specular
reflection
No No 105-106 0.1-1 Semiquantitative 
Diffuse
reflection
(scattering)
Limited Yes 105-106 0.1-1 Smooth surfaces (<100 nm) 
Speckle pattern Limited Yes - - Smooth surfaces (<100 nm) 
1) with special techniques, normal SEM images not 3D. 
2.2.1 Contact profilometer 
Contact or stylus profilometers are the most common types of instrument that are capable of 
measuring surface profiles (Vorburger 1992). Stylus profilometers have a mechanical probe 
or a needle, which follows the surface profile on direct contact with surface. Older contact 
profilometers were only capable of measuring profile lines, but now days also area scanning is 
possible. A modern contact profilometer is very similar to the atomic force microscope (see 
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below), but in larger range. The height information measured by the probe is transformed in to 
height information by electrical sensor resulting a 2D (profile line) or 3 D (area measurement) 
surface height data. The probe is usually diamond with a radius of 5-10 µm but also very 
sharp probes (~0.1 µm) are available for some newer equipment (ASME 1995; Poon and 
Bhushan 1995). The lateral resolution of the instrument depends mainly on the radius of the 
probe (Poon and Bhushan 1995; Zahouani et al. 1998). The sampling interval and 
measurement line length or measurement area size also affects the lateral resolution. The 
vertical (or height) resolution depends on the mechanical noise and the type of the transducer 
which detects the movements of the probe (Song and Vorburger 1992). The vertical resolution 
with a modern contact profilometer in optimum conditions can be better than 5.0 nm (Farshad 
et al. 2001). In practise, the measurement scale and sample surface features affect the vertical 
resolution. Problems with the stylus profilometer are wear of the probe and the surface 
deformation of the sample that can have an effect on the results (Poon and Bhushan 1995). 
The stylus loading can also affect the results. The sample surface shape and orientation can 
also have effect on the results since mechanical probe has certain physical shape and size. 
This means that for instance probe cannot measure deep grooves or vertical surfaces. 
Artefacts can occur if the surface shapes are sharper or smaller than the size of the probe. In 
addition, the mechanical scanning over the surface is a slow measurement technique 
compared to parameter techniques described below (Blunt and Rosén 2001).
2.2.2 Optical profilometer 
Optical profilometers, which are also called non-contact profilometers, do not have  a 
mechanical probe that touches the surface. Instead of a probe they use a light beam that scans 
the surface (Vorburger 1992). This is real advantage since the surface remains in tact after the 
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measurement. Optical profilometers can be divided into two main types: focus detection 
profilometers and interferometric profilometers. In the focus detection profilometers the beam 
is projected on to the surface and the focus lens keeps the beam in focus with the surface by 
moving the lens vertically (Depuy 1967/68; Brown 1995; Blunt and Rosén 2001) (Fig. 2).
sample
laser diode
lenses
lenses
lenses
beam splitter
photodiode
photodiode
lens position control,
data processing and display
beam divider prism
magnet
coil
Figure 2. The schematics of optical profilometer based on focus detection. 
The movement of the lens represents the height changes of the surface and the height data is 
generated from the lens movement signal. This type of optical profilometer is often called as a 
laser profilometer. In simple terms, the measurement is based distance measurement by laser 
beam, which reflects back to the sensor from the sample surface. The reflected signal is 
compared by the photodiodes to a reference beam from the laser diode. This means that 
surfaces that reflect light poorly or disperse the light beam way from the sensor cannot be 
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measured. This is a negative aspect of the optical systems because optical profilometers 
require at least 2% of reflection back from the surface (Brown 1995; Blunt and Rosén 2001). 
Besides the roughness information, the laser profilometers can also simultaneously record the 
strength of reflection, which is reflected back to sensor from the sample surface. The 
reflection signal is defined so that the 100% reflection can be received from good quality 
mirror surface. This reflection information is a representation of surface reflection properties 
materials and surface roughness. The reflection information can used for instance as a 
qualitative tool to separate different kinds of areas on the surface.
Steep slopes on the surfaces can cause measurement problems because in the slopes the 
system can lose its focus on the surface. The system tries to regain the focus from the whole z 
range (vertical range) and this can cause points where the surface data is false. Similarly, to 
the contact profilometer sample surface orientation and surface shape (e.g. sphere) can make 
the measurement difficult or impossible. The lateral resolution of the laser profilometer is 
limited to the size of the optical beam, which usually is 0.5-1 µm and the height resolution in 
laser profilometers is about 0.1 µm. The measurement area of the laser profilometer is from 
~1 mm to several centimetres and the vertical range usually up to 1 mm. The limiting factor in 
lateral resolution is often measurement time limitations, because measurement of large areas 
with high resolution is time consuming. Often laser profilometers cannot use the maximal 
vertical resolution, if the measurement range is above 100 µm. Even though laser 
profilometers are slightly faster than traditional contact profilometers they still are slow 
compared to the parametric methods. Still laser profilometers can give good overall view of 
the surface roughness in reasonable time, but the technique has also high resolution capability. 
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14
The interferometric profilometers or simply interferometers are based on light interference 
phenomenon. The most common one, the two-beam interferometer, is based on the 
interference of two light beams where at least one of the beams is reflected back from the 
surface (Bhushan 2001; Blunt and Rosén 2001). It works by forming an interference pattern 
between a reference beam and a measuring beam. The two most common types of 
interferometric profilers are the phase shifting interferometer and vertical scanning 
interferometer (Bruning et al. 1974; Wyant et al. 1986; Caber et al. 1993). A modern 
commercial interferometric profiler can usually use both phase shifting and vertical scanning 
techniques (Harasaki et al. 2001). The phase shifting techniques is used for very smooth 
surfaces (<0.5 µm) since it has a better resolution and the vertical range of this technique is 
limited (Wyant 2002).
The vertical sensing technique is used for rougher samples due to its larger range (up to 500 
µm). The vertical sensing interferometry is also called white light interferometry, because the 
light source in the vertical sensing is usually a white light source, which produces multiple 
wavelengths. Interferometers are capable of measuring the surface roughness on a nanometer 
scale, but they require surfaces that have reasonably good reflection properties. Optical 
profilometers based on white light interferometry can have a height resolution of 0.1 nm and 
lateral resolution of 0.5 µm (Le and Sutcliffe 2000; Petitgrand et al 2004). In the phase 
shifting interferometers, the measured surface has to reflect back about 15% of the light beam 
intensity on the surface (Blunt and Rosén 2001). As in the case of focus detection 
profilometers and contact profilometers the steep slopes, spheres and vertical surfaces can 
cause measurement problems for the interferometers. The interferometer techniques have 
mainly been used in areas such as microelectronics, optics, metals and crystals, where the 
surfaces are often smoother and have good reflection properties.
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2.2.2 Scanning probe microscopy 
Scanning probe microscopy is a large family of different techniques that originate from the 
invention of the scanning tunnelling microscope (STM) in 1981 (Binnig and Rohrer 1982). 
STM is usually used for high-resolution imaging not in roughness measurements, but it can 
also be used in roughness measurements (Krim et al. 1993; Wefers and Schollmeyer 1993). 
STM is based on the application of tunnelling current between a sharp tip and sample surface. 
This tunnelling current is the kept constant by moving the sample (or tip in some models) up 
and down. The height data is generated from the up and down movement of the sample, 
which is on the top a piezoelectric scanner. The resolution of the STM is impressive since 
horizontal resolution is in the angstrom range and vertical resolution in sub angstrom range. 
This means that STM can see single atoms on a flat surface. The limitation of STM is the 
need for a conductive surface since STM cannot measure non-conductive surfaces and the 
measurement area is small (micrometer range). Therefore, in the pharmaceutical applications 
where the majority of the surfaces are organic and non-conductive, STM has limited usability. 
STM can be used in ambient room conditions, but usually the best can be reached in vacuum 
conditions.
The atomic force microscope (AFM) was developed from the bases of the STM to measure 
non-conductive surfaces (Binnig et al. 1986). AFM is based on scanning the surface with a 
sharp probe, which senses the surface topography changes without an electrical current like in 
STM (Fig. 3). The sharp probe is part of a cantilever, which is extension of the probe. The 
sample (or the cantilever in some models) movement in 3D is created with a piezoelectric 
scanner that is one of the key element in the high resolution of the AFM and STM. AFM 
feedback systems tries to keep the cantilever in a similar position compared to the sample 
___________________________________________________________________________
16
surface by moving the sample up and down. The cantilever position is monitored with the 
laser diode and optical detector. The surface height data is generated from the sample up and 
down movement. AFM is a multitask instrument which can be used to image the surface, 
measure 3D roughness (profiling technique), separate different surface properties and measure 
force interactions.
sampleComputer and
feedback control
Optical
detector
Diode
laser
Cantilever
and tip
Piezoelectric ceramic
      tube scanner
Figure 3. Schematics of AFM. 
AFM measurements are commonly made in room conditions, in liquid environment (water 
based liquids) or in controller humidity conditions, but also vacuum AFM systems are 
commercially available. Commercial AFM can often measure STM, but usually in ambient 
room conditions. The resolution of the AFM is not quite as good as the STM resolution, but it 
still can reach in optimal conditions ~1 nm horizontal and sub angstrom vertical resolution. 
The small difference is due to less accurate probe used in a AFM. The STM can detect 
tunnelling current between a single atom, but the AFM senses interactions between several 
atoms at the time. In vertical direction, both techniques have similar resolution because the 
vertical resolution is governed by the measurement noise of the equipment. AFM and STM 
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have the same limiting factor, which is the small horizontal and vertical range. The 
measurement area (horizontal range) is usually maximum of 100 µm x 100 µm and the 
maximum vertical range is below 10 µm. AFM can measure quantitative surface roughness 
with extremely high resolution, but the usability of AFM in surface roughness measurements 
is limited due to small scanning area and low speed of the measurements. Getting a good 
overall view of large sample is difficult with AFM. Another limiting factor is the roughness of 
the surface since rough areas cannot be measured and this can have effect to roughness 
estimations. Surface shapes can create artefacts to the measurements because the cantilever tip 
(the probe) has physical shape and size. In theory, the tip cannot measure smaller surface 
features than its own size (tip radius 5-20 nm). In practise, AFM can reach ~1 nm horizontal 
resolution in special conditions when the surfaces are smooth in atomic level. For the AFM 
measurements problematic shapes are the same as with profilometers: spheres, vertical 
surfaces, deep grooves and holes Also sudden changes in surface height can causes poor 
surface trace of the tip, especially if the measurement speed is too high. Due to the high 
resolution comparison of the AFM results to other techniques is difficult because other 
methods cannot measure surface roughness in a same level.
The AFM has several different measurement modes that can produce a 3D image of the 
measured surface, provide roughness information or give information about surface properties 
e.g. like friction (Jalili and Laxminarayana 2004). The image produced is a computer drawn 
figure of the measured data (usually 512 x 512 data points). In topography images (3D surface 
description), the data points describe the height values measured on the surface. For this 
reason all the light, colour and contrast changes are computer generated from the data, 
meaning that AFM image is not a photograph with colours. Therefore, it is important to know 
about which data has been used to create the AFM image.
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The most commonly used measurement techniques used to produce 3D surface images are 
contact mode, non-contact mode and tapping mode AFM. Contact mode AFM is the simplest 
measurement mode where the cantilever tip is in contact with the measured surface. In the 
contact mode, the tip feels the repulsive forces of the surface molecules. In addition, capillary 
forces from the surface contamination layer (mainly water molecules) have an effect on the 
cantilever tip. The capillary forces of the contamination layer create strong adhesion between 
the surface and cantilever tip.  Due to the fairly strong interaction forces between the surface 
and the tip, the contact mode AFM can damage soft surfaces and create distorted images. This 
measurement technique is similar to the contact profilometer. 
 To overcome the problems with soft surfaces the non-contact AFM mode was developed 
(Wickramasinghe 1989). In the non-contact mode the cantilever vibrates about 50-150 Å 
above the sample surface sensing the attractive van der Waals forces acting between the tip 
and the sample (Jalili and Laxminarayana 2004). The non-contact mode is very well suited for 
samples with soft and sensitive samples because it does not damage the surface. Since the tip 
feels much weaker forces than in the contact mode the resolution is poorer. Non-contact mode 
AFM can produce much better resolution with suitable samples because it does not wear out 
the surface and measurements can be repeated several times.
Tapping mode AFM is a widely used measurement technique that combines the advantages of 
contact and non-contact modes (Zhong et al. 1993). In the tapping mode the cantilever is 
vibrated with 20-100 nm free amplitude near the surface in such a way that the cantilever tip 
touches the surface at the lowest point of the vibration. The tapping mode detects the long-
range and short-range force interactions between the tip and surface. The tapping mode has 
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become the most widely used AFM measurement technique, because it can be used with all 
kinds of samples in different measurement environments. All the measurement modes are able 
produce the similar 3D surface information, which can be used to calculated surface 
roughness. The only main difference between the measurement modes is the usability with 
different kinds of samples. 
AFM can be used to produce very large variety information from the surface in addition to 
surface topography or roughness. Quite many of these techniques require additional parts over 
the basic AFM. AFM can used to separate areas on the surface, which have differences in 
properties such as stiffness, crystallinity, chemical composition or electric properties (Wang et 
al. 2005; Ward et al. 2005). In addition to imaging, AFM can measure force interactions 
between particles and surfaces (Young et al. 2004).
2.2.3 Other methods 
A confocal laser scanning microscope starts from the basis of an optical microscope, but the 
image is formed in a very different way (Hamilton and Wilson 1982; Aguilera and Stanley 
1999). The confocal microscope can detect several different signals from the sample that are 
either reflected or transmitted from the sample. By varying the focal point of the optics, the 
confocal microscope can be used as an optical microtome. This way images from the different 
depths of the sample can be acquired and the information used to create a 3D image of the 
sample. The maximum sample depth, which can be reached, is about 40 µm. Confocal 
microscope has some similarity with focus detection profilometers and it can be used to 
measure surface roughness in a similar way (Sandoz et al. 1996; Peltonen et al. 1997). 
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Another profiling roughness measurement technique is light-sectioning microscopy, which 
can measure the surface roughness and e.g. thickness of clear polymer film (Davies et al. 
1994; Twitchell et al. 1995a). In the light-sectioning microscopy the image of a slit is thrown 
to the surface at a 45 -degree angle and the reflection is viewed with an optical microscope at 
anangle of 45 degrees (Thomas 1999). If the surface is smooth, then the reflected image 
appears as a straight line and if the surface is rough, the line is wavy. The light-sectioning 
microscope has a relatively good resolution of ~0.5 µm and it can easily detect peak to valley 
roughness. The amount of quantitative information received by the light sectioning is limited 
in a similar way as with the parametric, because light sectioning does not measure profile 
point by point like the profilometer techniques.
The parametric roughness measurement techniques cannot measure surface profiles or 
produce 3D images like the profilometer techniques. The parametric methods can give 
statistical averages for surface peaks and valleys (Vorburger and Raja 1990). The main 
advantage in the parametric techniques is the speed of the measurements, which can be 
compared to taking photographs. The measurements take seconds not minutes or even hours 
like in the profiling techniques. The most common parametric methods are based on optical 
light scattering (Vorburger and Teague 1981; Thomas 1999). In optical light scattering, the 
surface is illuminated with a light beam and the reflected light is detected. If the surface were 
ideally flat, only one reflected beam would be detected. As roughness increases the intensity 
of the ideally reflected beam diminishes and a diffuse angular distribution appears. The 
surface roughness can be calculated from the diffuse angular distribution and the diminishing 
of the ideally reflected beam. Several different light scattering methods have been used to 
measure surface roughness, which are the specular reflectance (Smith 1999; Silvennoinen et 
al. 1999; Hyvärinen et al. 2000a, Hyvärinen et al. 2000b), the total integrated scatter (Rönnow 
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et al. 1993), angular distributions (Church 1979), ellipsometry (Vorburger and Ludema 1980) 
and speckle contrast (Fujii and Lit 1978).  From these methods the most important are the 
specular reflectance and the total integrated scatter, which have been used in commercial 
instruments. Glossmeters are based on specular reflectance measurements and are widely used 
(Smith 1999). Many light scattering techniques work only with relatively smooth surfaces (< 
100 nm) and therefore their usability is limited. There are also other optical roughness 
measurement techniques available, which are based on e.g. illumination of the surface with 
collimated light and analysis of the gray scale variations (Krogars et al. 2002).
2.3 Theory of surface roughness 
2.3.1 The surface 
 A surface is a boundary that separates an object from another object, space or substance 
(ASME 1995). A nominal surface describes the ideal intended surface that is usually shown 
on a drawing or in the specifications. The difference between the nominal and the real surface 
is the roughness, which results from the processing of the surface. The measured surface is a 
representation of the real surface obtained by the measuring instrument and topography of the 
surface is a three-dimensional presentation of the geometric surface irregularities. 
2.3.2 The real surface and roughness 
The real surface is the result of several factors or flaws that are present on the processed 
surface (ASME 1995). The roughness is defined as the finer irregularities of the surface 
texture, which usually originate from the production process or material conditions of the 
___________________________________________________________________________
22
surface. Waviness is the wider scale component of the surface texture. The roughness may be 
considered as superimposed on a wavy surface. The terms roughness and surface texture are 
often used interchangeably because roughness is usually the one measured and specified 
(Song and Vorburger 1992). Roughness and waviness are included in the surface texture. 
Sometimes also, topography has been used with the same meaning as roughness and surface 
texture, but this usually does not cause a lot of confusion (Vorburger and Raja 1990). A 
surface lay is the predominant direction of the surface pattern and the surface texture is the 
composite of the certain deviations that are typical of the real surface. There are also wider 
deviations of the nominal surface that are not included in surface texture. These are 
considered as an error of form and these deviations originate from errors in the manufacturing 
process. Flaws are unexpected and unwanted interruptions in the topography of a surface. 
These interruptions are usually considered as flaws only if they are agreed to be flaws, 
otherwise they may be consider as part of normal topography.
2.4 The commonly used roughness parameters 
A large number of different surface roughness parameters have been developed to 
characterize surfaces, but in this section only the more common ones are discussed.
2.4.1 Height parameters 
A simplest height parameter is the peak to valley height (Rp-v) that describes the total height 
variation of the measured sample surface from the lowest valley to highest peak. Peak to 
valley information can be used for instance in evaluation of suitable roughness measurement 
method for certain surface, since height range (called also z range or vertical range) is 
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common limiting factor in roughness measurements. The problem with this parameter is the 
sensibility to outliers, since one exceptionally high or low height value has direct influence to 
this value.
The most common statistical surface height descriptors are average roughness (Ra) and the Rq 
(also called Rrms) roughness, which are closely related to each other (Thomas 1999). The Ra 
and Rq roughness parameters were defined through an electrical signal in AC voltmeter. The 
definition was made in a slightly different way in Europe (Ra) and in the USA (Rq). For many 
surfaces Ra and Rq roughness parameters can even be used interchangeably. Differences in 
the parameters start to show when the surface has more valleys than peaks (or vice versa), 
since Rq is more sensible to outliers. Ra averages out the high or low values, if their amount 
is small compared to the total number of measurement points. The main factors that affect the 
choice between Ra and Rq are the field of application and continent. The problem with Ra is 
that it does not discriminate surfaces with different kinds of profiles. This means that two very 
different surfaces (different shapes) can have the same roughness value. The average 
roughness (Ra) parameter is calculated from the height data according to Equation 1 (ASME 
1995).
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where Zn was the individual height value of one measurement point and Z  the mean value of 
all the height data points. N was the number of measurement points. Ra measures the average 
distance of the profile points to the average line (Podczeck 1997a) (Fig. 4).
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evaluation length
Figure 4. The average roughness, Ra measures the average distance of the profile points to the 
average line. In the figure Ra is the shaded area divided by the evaluation length.
The root mean square roughness (Rq) was calculated from the standard deviation of the height 
data according to Equation 2 (ASME 1995). Rq describes the deviation of the measurement 
points to the centreline and this way describes the variability of the measured profile from 
centreline (Podczeck 1997a).
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where Ra and Rq parameters are useful estimators of the average heights and depths of 
surface profiles.
2.4.2 Wavelength parameters 
Wavelength parameters are used to characterize the spacing of the peaks and valleys of the 
surface (Song and Vorburger 1992). The waviness is usually characteristic of the process that 
formed the surface. A typical spacing parameter is the mean spacing of profile irregularities 
Sm (Equation 3) that describes the mean value of spacing between the profile irregularities 
within the evaluation length (ASME 1995).
___________________________________________________________________________
25
?
=
=
n
i
mim sN
S
1
1
,     (3) 
where smi is the width of a individual peak, N number of peaks and then the mean spacing Sm
is the average width of a peak over the evaluation length. Sm is usually reported in length units 
(µm). 
2.4.3 Shape parameters 
Two surfaces that have the same average roughness can have quite different shapes and 
therefore the surfaces can perform differently in processes (Song and Vorburger 1992, ASME 
1995). There are many different shape parameters, but the most important shape parameter is 
the skewness, Rsk (Equation 4). Skewness measures the symmetry of the profile about the 
mean line. Surfaces with positive skewness have more high spikes on the surface and surfaces 
with negative skewness have more deep valleys. 
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where N number of the height values, Rq is the standard deviation of the height values and rn
is the distance between mean line and the individual height value.
2.4.4 Statistical functions 
If a more complete statistical description of the surface is required, certain statistical functions 
can be used (Song and Vorburger 1992, ASME 1995). The most common statistical functions 
are power spectral density, autocovariance and autocorrelation. Power spectral density (PSD) 
decomposes the surface profile into its spatial Fourier component wavelengths. 
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Autocorrelation and autocovariance functions are widely used for visualising the degree of 
periodicity and randomness in surface profiles (Lysenko et al. 2001; Kiely et al. 1997; Rasigni 
et al. 1983; Zhang et al. 2005). 
2.4.5 Fractal dimension 
Fractals are continuous functions that possess the property of self-similarity (Mandelbrot 
1983). Self-similarity means that they appear the same at different magnifications. These self-
similar fractals can be described with a single parameter, fractal dimension D. The topological 
dimension of a line is 1 (Russ 2001). The fractal dimension for irregular profile is greater than 
1 which is a result of the roughness. The fractal dimension for a perfectly flat surface would 
be 2 and the fractal dimension for real rough surfaces is larger than 2. A fractal profile 
function obeys a power law (Russ 1994; Mainsah et al. 2001). This means that the ideal 
fractal function is a straight line when plotted on a log-log scale. In practice real surfaces are 
not fractal over an infinite scale range. Real surfaces are the products of several different 
processes, which yield certain characteristic roughness. This roughness does not cover an 
infinite range, as an ideal fractal surface should. Real surfaces are therefore called multifractal 
since they have linear behaviour on a log-log plot, but there are two or more linear sections on 
the same plot. These discontinuity points on the plot correspond to the transition points where 
the process that forms the surface has changed. The fractal nature of powder systems is well 
established (Kaye 1993; Kaye 1995) and fractals can be used to describe quite variable 
systems as for example coating quality (Oliva et al. 1999) and paper surface topography (Kent 
1991).
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Fractal dimension is not a measure of roughness in the same sense as the roughness parameter 
Ra (Russ 2001). Fractal dimension does not tell us anything about the magnitude of the 
roughness. If we stretch the fractal surface in z (height) direction the fractal dimension does 
not change, but Ra and other profile based parameters increase. Fractal dimension reacts to 
the changes in the lateral direction on the sample surface and it is sensitive to the spatial 
changes of the height data. Fractal dimension can be used with different kinds of roughness 
analysis methods such as profilometry, scanning probe microscopy techniques and SEM 
image analysis (Krim et al. 1993; Chauvy et al. 1998; Li and Park 1998; Chappard et al. 
2003).
2.5 Examples of surface roughness measurements 
The following chapter contains literature on some examples where surface roughness 
measurements have been used in materials sciences. Also more specific literature about the 
research topics of this study is included.
2.5.1 Materials science in general 
The quality of surface finish is one of the key elements in nearly all material production. 
Change of the surface roughness due to e.g. mechanical or chemical wear can also be an 
important issue. The contact (or stylus) profilometer techniques have been used especially in 
the roughness measurements of metal surfaces since in this case the possibility of surface 
damage due to stylus measurements is smaller and stylus equipment have been available 
longer (Chesters et al. 1991; He and Zhu 1997; Pawlus 1997; Lou et al. 2001; Le and Sutcliffe 
2000; Farshad et al. 2001). In many industrial applications, the profilometer information is 
accurate enough for surface finish or mechanical wear evaluations. The size of the surfaces 
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and the measurement speed can limit use of techniques such as AFM. The AFM is better 
technique for research and development studies. 
Surface roughness plays a part also in the research and development of soft materials. For 
instance printing paper surface roughness is an important property for good printing qualities 
and appearance of paper surface therefore the surface roughness measurements are important 
parameter in the paper industry (Wagberg and Johansson 1993; Rissa et al. 2000; Conceição 
et al. 2005; El-Sherbiny and Xiao 2005). In the printing paper, requirements for roughness can 
sometimes be complex because good adhesion of ink might need rougher surface than is 
optimal for high gloss. Similar problems can be in painting materials where high gloss is often 
desired property (Tiarks et al. 2003). The high gloss can be achieved with smooth paint 
surfaces. On the other hand, if more opacity is needed on the painted surface then the paint 
surface has to be rougher (Butt et al. 1995). In the soft materials optical methods are often 
preferred and especially if surface gloss is the parameter of interest.
Surface roughness has importance in areas, which are closer to life sciences. Dental material 
research has been an area where surface roughness measurements have been used extensively 
(Silva et al. 1998; El Feninat et al. 2001; Luo et al. 2001; Arvidsson et al. 2002; De Witte et 
al. 2003; Oliveira et al. 2003; Verran et al. 2003). The teeth and the teeth fillings are under 
heavy mechanical and chemical stress in the human mouth. Due to this reason, the roughness 
measurements have been used to study the mechanical and chemical wear of new dental 
materials or the roughness of the tooth surface. The techniques used in dental science studies 
have been mainly profilometer techniques, but also AFM has been used (El Feninat et al. 
2001; Verran et al. 2003).
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2.5.2 Crystals and powders 
Crystals and powders are the key elements of solid pharmaceutical dosage forms. The 
powders in pharmaceuticals consist mostly from crystalline or partly crystalline particles.  
Several things affect the powder properties such as particle size, shape, material type and 
particle surface roughness. In powders particle shape and particle surface roughness can be 
difficult to separate since it is difficult to define where roughness ends and error of shape 
begins. A lot of the research done in pharmaceutics about surface roughness of powders has 
been connected to the force interactions between powder particles. Jones et al. have studied 
factors that affect powder friction (Jones et al. 2003; Jones et al. 2004). They have found that 
roughness is one of the important factors affecting particle-particle and particle-wall 
interactions. It has been shown that if surface roughness and powder particle size are in the 
right scale to each other the interaction is stronger (Beach et al. 2002; Jones et al. 2003; Jones 
et al. 2004). Surface roughness is an important factor in particle-particle and particle-surface 
adhesion, this has been studied extensively over the last couple of years in connection with 
powder inhalations (Mizes 1995; Podczeck 1997b; Heng et al. 2000; Louey et al. 2001; Sindel 
and Zimmermann 2001; Beach et al. 2002; Price et al. 2002; Young et al. 2003; Louey et al. 
2003; Flament et al. 2004; Jiang et al. 2005). The main measurement technique in these 
studies has AFM, which has been used to measure the surface roughness of the surfaces, but 
also it has been the force measurement tool. These type studies are time consuming since the 
handling and measurement of powder particles is difficult. For the roughness measurements 
particle surface alignment for the measurement can be challenging. The effect of surface 
roughness on adhesion can be either increasing or decreasing, depending on the scale of 
particles or roughness of the surfaces (Beach et al. 2002). By modifying surface roughness of 
powders, the adhesion can be increased or lower that often needed in the powder inhalations. 
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With new particle processing techniques, the particle surface roughness can be controlled in 
submicrometer level (Price et al. 2002; Kaerger and Price 2004). The other processing and 
environmental conditions can have effect to particle surfaces. AFM is good chose in this type 
research since it can measure nanoscale surface roughness if the particle morphology allows 
it. The spherical shape and small size of nanoparticles makes the surface roughness 
measurements of the nanoparticles more difficult (zur Muhlen et al. 1996). AFM 
measurements do not usually need lot of sample preparation, but with nanoparticles the 
sample preparation can be critical. Nanoparticles have to be placed on a smooth substrate like 
smooth silicon wafer (roughness ~1 nm). The surfaces of the pure crystal faces can change 
while in storage this has been shown e.g. by Kiang et al. 2004. In addition, the crystallinity of 
the material can change which has an effect to the surface of particles (Trojak et al. 2001). 
This type of changes on the surfaces can be studied with imaging and roughness 
measurements. Imaging of surface might adequate in many cases, but 3D measurements and 
roughness analysis might give possibility to quantification of these changes. Fractal analysis 
can be combined with AFM measurements in order to analyse powder particle surface 
roughness (Li and Park 1998). AFM has also been used in dissolution studies of crystal 
surfaces where it can show the effect of dissolution as an increase in the surface roughness 
(Abendan and Swift 2005). Differences in surface roughness on the other hand affect the 
dissolution rate through the difference in surface area (Danesh et al. 2001). Another method 
for measuring particle surface roughness that has been used is laser profilometer, but the size 
of the measured particle has to be larger (<200 µm) (Poczeck 1997b; Iida et al. 2004). the 
contact angle of powders affects among other things wettablity of powders in granulation and 
on the other hand surface roughness affects the contact angle of the material (Muster and 
Prestidge 2002; Peltonen et al. 2004).
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2.5.3 Tablets 
Tablet surface roughness originates from the powder properties and tablet compression. 
Compression pressure during tablet compression influences the surface roughness of the 
compacts. Several researchers have showed this over the years (Rowe 1979; Podczeck 1998; 
Riippi et al. 1998; Podczeck et al. 1999a; Khan et al. 2001; Sindel and Zimmermann 2001; 
Eliazadeh et al. 2003). At lower compression pressures, tablet surfaces have characteristic 
peaks and valleys which originate from the initial powder particle morphology (Podczeck 
1998; Eiliazadeh et al. 2003). At higher compression pressures, the voids between the 
particles close up and the surface becomes smoother. The tablets usually become smoother at 
high compression pressures but with a certain limit since tablets do not compress beyond zero 
porosity. Tablet surface roughness does not necessarily change linearly with compression 
pressure since sometimes there is an optimal compression pressure range where the tablets 
have the lowest surface roughness (Riippi et al. 1998). The type and amount of excipients also 
affect the surface roughness of the tablets (Peltonen et al. 1997; Podczeck 1998; Podczeck et 
al. 1999a; Narayan and Hancock 2003; Narayan and Hancock 2005). Brittle and ductile 
excipients behave differently under compression and therefore they yield different kinds of 
tablet surface. Generally, brittle excipients tend to produce smoother tablets than plastic 
excipients.
Surface roughness of tablets has been shown to have an influence on or to reflect any changes 
made in many process variables which have an effect on the final quality of the product. It has 
been shown for instance that the surface roughness of uncoated tablets has an effect on the 
dissolution rate of the tablets (Healy et al. 1995). Surface area is one of the key elements in 
dissolution. One factor influencing the tablet surface roughness is the tablet sticking to the 
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punches of the tabletting machine (Toyoshima et al. 1988; Roberts et al. 2003). Sticking is 
caused e.g. by insufficient lubricant performance, poor choice of the excipients, punch wear, 
high compression pressures etc. On the other hand, the surface roughness of the tablet 
machine punches has an effect on tabletting performance and the quality of the produced 
tablets (Hyvärinen et al. 2000a; Hyvärinen et al. 2000b). The surface roughness measurements 
can be used to describe effects formulation variables to the pellet surfaces and the structural 
changes of pellets induced by compression (Newton et al. 2001; Bashaiwoldu et al. 2004a; 
Bashaiwoldu et al. 2004b). In millimetre scale surfaces like tablets the optical methods and 
profilometers are at their best since they cover majority of the tablet area with one 
measurement. The surface height differences on the tablet surfaces are in the range of few 
micrometers to tens of micrometers, which limits the use of some measurement methods.
2.5.4 Coatings 
There are many different types of coatings and coating materials which are used in the 
coatings of tablets, pellet and granules. Surface roughness is one parameter that influences the 
coating process and the final product quality. The surface roughness of the core tablet 
influences the adhesion of the film coating through the change of surface area (Nadkarni et al. 
1975; Rowe 1977; Rowe 1978; Felton and McGinity 1996; Felton and McGinity 1999; Khan 
et al. 2001; Palasantzas and De Hosson 2003; Missaghi and Fassihi 2004). If the tablet surface 
is rougher, it provides larger contact area and therefore the polymer has possibility to stronger 
adhesion on the tablet surface (Nadkarni et al. 1975). The choice of materials, can affect the 
effective surface area and in this way affect the film adhesion (Khan et al. 2001). The time-
dependent changes in the tablet core surface roughness also can affect the coating adhesion, 
but the time-dependent changes can be avoided with proper formulation and manufacturing 
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(Ruotsalainen et al. 2002a). In addition, materials like plasticizers can affect the surface 
roughness (Honary and Orafai 2003; Kwok et al. 2004). On sugar-coated tablets the 
roughness of lower coating layers has been shown to have an influence on the impact 
toughness of the coatings (Ohmori et al. 2004). The coating materials are quite often studied 
as free films in order to study their properties because this way the effects of the tablet core 
can be avoided (Lin and Meier 1995; Pérez and Lang 1999; Liu and Williams 2002; Kwok et 
al. 2004). In the study of free films, AFM is easier to use since free films are much smoother 
than the coated tablet surface. Nanometer size structures are difficult to find from surface, 
which has micrometer sizes height changes. The surface roughness measurements can be used 
to monitor the effects of different process parameters and in the quality assessment of the film 
coating process (Twitchell et al. 1995a; Twitchell et al. 1995b; Podczeck et al. 1999b; 
Krogars et al. 2002; Ruotsalainen et al. 2002a; Ruotsalainen et al. 2002b; Krogars et al. 2003; 
Ruotsalainen et al. 2003a; Ruotsalainen et al. 2003b). Storage can also affect the surface 
roughness and give signs of instability of the formulation (Ruotsalainen et al. 2003b). The 
surface roughness influences the outer appearance of the tablets since often a high surface 
gloss is required and the gloss is directly linked to the surface roughness (Rowe 1985a; Rowe 
1985b; Reiland and Eber 1986; Rohera and Parikh 2002). The surface roughness of coated 
and un-coated pellets have also been studied (Chopra et al. 2002).
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3. Experimental study design 
The experimental study design of this work was following (Fig. 5). The main idea was to 
study surface roughness and surface imaging of different pharmaceutical surfaces of powders, 
tablets and coated tablets. In the beginning (I) the idea was to test different techniques on a 
large, relatively smooth and simple surface. The compacts of ionic powders (tablets) were 
chosen to be the surfaces since they form relatively smooth surface when compressed with 
high compression pressure. The research was continued (II) with the development of new 
roughness calculation and surface roughness visualisation method which was invented during 
the first part of the study. The tablets in I and II are named in this study as compacts to avoid 
mix up to the tablets and coated tablets in III. Thereafter the focus was aimed to more 
complex surface of coated tablets. The aim in the study (III) was to monitor the changes of the 
surface roughness and the development of coating film, which happens during the coating 
process. In the last study (IV) the focus was aimed to crystal surfaces which have more 
difficult micro scale surfaces. Thus, the roughness can be studied with in a wide scale from 
tablets to crystals.
Figure 5. Experimental study design. 
I: Tablet surface characterisation by various imaging techniques 
Surface: Compacts of ionic crystals (later referred as compresses) 
Methods: Laser profilometry, optical microscopy, SEM and AFM
II: Use of roughness maps in visualisation of surfaces 
Surface: Compacts of ionic crystals and excipients (later referred as compresses) 
Methods: Laser profilometry and SEM 
III: Monitoring tablet surface roughness during the film coating process 
Surface: Coated and uncoated tablets (later referred as tablets or coated tablets) 
Methods: Laser profilometry, SEM and EDX
IV: Modification of crystal surfaces during washing 
Surface: Crystal surfaces 
Methods: Laser profilometry, optical microscopy, SEM and AFM 
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4. Aims of study 
The overall goal of this research was to understand surface structures of pharmaceutical 
surfaces. In this context, the specific purpose was to compare four different analysing 
techniques (optical microscopy, scanning electron microscopy, laser profilometry and atomic 
force microscopy) in various pharmaceutical applications where the surfaces have different 
scale of roughness. The specific aims were: 
1. To compare the image and roughness analysing techniques using model surfaces, which 
were tablet surfaces (compacts of powders compressed by IR press) compressed with high 
compression pressure. 
2. To develop a new method which can give information on the localised roughness across a 
wider area and build up the easily readable roughness maps of the surfaces. 
3. To evaluate the change of surface roughness and the development of the coating during the 
film coating process using laser profilometer roughness measurements, SEM imaging and 
EDX analysis. 
4. To characterise the changes in the crystal surface caused by washing. 
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5. Experimental 
5.1 Materials 
Test materials in the studies of powder compact surfaces were analytical-grade sodium 
chloride (NaCl) (Riedel-de Haën, Seelze, Germany) (I-II), potassium chloride (KCl) (Riedel-
de Haën, Seelze, Germany) (I-II), M325 lactose monohydrate (DMV international, Veghel, 
Netherlands) (II) and Ph. Eur. grade of theophylline anhydrate (BASF, Ludvigshafen, 
Germany) (II).
In the tablet coating study (III) the following materials were used for preparing tablet cores: 
theophylline anhydrate (Ph.Eur.), microcrystalline cellulose (Avicel PH-102, FMC 
International, Little Island, Cork, Ireland), talc (Ph.Eur.) and magnesium stearate (Ph.Eur.). 
The composition of the tablet cores was as follows: theophylline anhydrate 5% (w/w), 
microcrystalline cellulose 86% (w/w), talc 8% (w/w) and magnesium stearate 1% (w/w). The 
two aqueous film coating solutions contained: (1) 8% (w/w) hydroxypropyl methylcellulose, 
HPMC (Methocel E5, Dow Chemical, Midland, MI, USA.), 1.6% (w/w) polyethylene glycol, 
PEG 400 (Macrogolum 400, Fluka Chemie, Buchs, Switzerland), purified water 90.4% (w/w) 
(Ph.Eur.) and (2) titanium dioxide 2.4% (w/w) (Ph.Eur), 8% (w/w) hydroxypropyl 
methylcellulose, 1.6% (w/w) polyethylene glycol and purified water 88% (w/w).
The water used in the crystal washing (IV) was purified water and the glycine powder was ?-
glycine (Glycine minimum 99% TLC, Sigma-Aldrich Chemie, Steinheim, Germany). The 
ethanol used in the crystallization and in the washing was AA grade (99.5 %). 
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5.2 Processing equipment and methods
5.2.1 Compression of powder compacts 
The powder compacts (I-II) were compressed with a 13 mm evacuable IR tablet die (Specac 
Ltd., Orpington, United Kingdom) and a hydraulic press (Pye Unicam, Cambridge, United 
Kingdom). The compression forces were 30 kN and 80 kN and the compression time was two 
minutes. Corresponding compression pressures were 225 MPa and 600 MPa. The high 
compression pressure (600 MPa) was used to produce as smooth a compact surface as 
possible. The lower compression pressure (225 MPa) was used as a reference. The tablet die 
was evacuated by a vacuum pump during the compression. The compact weight varied 
between 300 and 450 mg. Prepared compacts were attached to metal sample plates with 
double sided tape in order to assist in the handling and identification of the correct compact 
surface.
5.2.2 Preparation of tablet cores
The tablet cores for coating (III) were compressed in a rotating tablet machine (Kilian & Co., 
GmbH, Köln, Germany) to a constant breaking strength of 95-100 N using 11-mm biconcave 
punches. The average weight of the tablets was 500 mg and their friability was 0.6%.
5.2.3 Preparation of coating solution 
The preparation of the coating solution and pigment dispersion was made as follows. Half of 
the calculated amount of water was heated (80-90 °C) and the polymer was added to the hot 
water under magnetic stirring. After the polymer had been dispersed, the remaining cold water 
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was added. When all the polymer was dissolved, the plasticizer and the pigment were added 
to obtain a total of 1000 g of coating liquid. 
5.2.4 Film coating of tablets 
The tablets (III) were film coated in a laboratory-scale instrumented side-vented drum-coating 
apparatus (Thai coater, model 15, Pharmaceuticals and Medical Supply Ltd Partnership, 
Bangkok, Thailand). Each coating batch comprised of 1.0 kg tablet cores. In the film coating 
experiments, the conditions of user-controllable process parameters were adjusted as follows: 
pump speed (flow rate) 2.8 rpm, pneumatic spraying pressure 300 kPa, drum air temperature 
40°C, rotating speed of the drum 7.0 rpm, air pressure (drum) -5.0 Pa and outlet air flow rate 
20 l/s. The tablets were pre-heated for 5 minutes until the drum temperature was 40°C, and 
the rotating speed of the drum was adjusted to 3.0 rpm for the pre-heating and post-drying 
steps. After spraying, the tablets were dried for 5 minutes at 40°C in the drum-coater. 
Thereafter, the film-coated tablets were kept at a controlled room temperature (25°C/RH
60%) for at least 24 hours until they were studied. During the film coating multiple samples 
of the film-coated tablets (n = 20-30) were taken immediately prior to film coating (the 
spraying phase) and subsequently at 2.5, 5, 10, 15, 20, 30 and 45 min. The timing for the 
samples started at beginning of the spraying phase. The end point (the final coated tablets) 
were covered after 60 minutes of process time which consisted of 55 minutes of spraying and 
5 minutes of end drying.
5.2.5 Vapour diffusion crystallization of glycine 
Glycine-water-solutions (IV) were prepared at two different concentrations (A= 18 g/100 ml; 
B= 28 g/100 ml). The water used was purified water and the glycine powder was ?-glycine.
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Nine 50 ml beakers of glycine-water solution were placed in a closed chamber with 500 ml of 
ethanol (AA grade, 99.5%). As it is a more volatile solvent, ethanol will transfer into the 
water solutions via vapor diffusion. Ethanol was used as an antisolvent and hence it causes 
glycine to crystallize. Vapor diffusion induces slow crystal growth and therefore the crystals 
formed are of high quality. The crystals were grown in this study for about 3-4 days.
5.2.6 Cleaving and washing of the crystals
The best quality crystals came from solutions of 28 g/100 ml concentration which produced 
large and clear crystals. All the crystals used had the same basic crystal shape, but there were 
large size variations between the crystals. The largest crystals were chosen for cleaving since 
the aim was to have at least 1 mm wide slices for the laser profilometer. The cleaved crystal 
slices were about 1-2 mm wide and about 10-20 mm long (IV, Fig. 1a). The cleaving of the α
glycine (GLYCIN02) crystals were done with a surgical knife and the cleaving was done 
along the [010] slip plane of the crystals. The cleaved crystal slices were about 1-2 mm wide 
and about 10-20 mm long. The theoretical step height into the direction of the [010] plane is 
8.9Å which is the height of a single bilayer (Marsh 1958; Carter et al. 1994).
The cleaved crystal slices were washed either with purified water or ethanol. One drop of 
water or ethanol was dropped on the crystal surfaces with a microsyringe and spread on the 
crystal surface. The volume of the ethanol droplet was 8 µl and water 13 µl. The surface was 
left to dry in air at least for 30 minutes before any measurements were made.
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5.3 Analysing equipment and methods
5.3.1 Image, surface imaging, surface characterisation and image characterisation 
The term “image” in this study was used in the context of the optical microscope, the 
scanning electron microscope (SEM), laser profilometer and atomic force microscope (AFM) 
images. From “images” only the optical microscope images were direct visual images of the 
physical surface. The images from other techniques were computer calculated visualisations 
of the measurement data. The term “surface imaging” has been used to describe to the use of 
different image producing techniques (mentioned in the first sentence) in the visualisation of 
the studied surfaces. “Surface characterisation” has been used to describe use of imaging and 
roughness techniques in the description of the surface structure and surface roughness.
5.3.2 Particle size of the powders 
The particle sizes and morphology of the NaCl and KCl were evaluated by scanning electron 
microscopy (SEM) (see below) (I). Both test materials had a particle size around 250 µm (I, 
Fig. 1a – 1b). NaCl particles had an obvious clear cubic crystal habit, whereas KCl particles 
were more irregular. The particle size of the powders (II) was also determined with a Leica 
MZ-6 optical microscope (Leica DMLB, Leica Microskopie & Systeme GmbH, Wetzlar, 
Germany) which was equipped with Leica QWin image-analysis software (Leica QWin V2.6, 
Leica DMLB, Leica Microskopie & Systeme GmbH, Wetzlar, Germany). At least 800 
particles were used in each particle size determination by measuring the horizontal and the 
vertical dimensions from which the averages were calculated. 
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5.3.3 Glycine structure
The ?-glycine powder (IV) used was ?-glycine characterized by XRPD (Bruker AXS D8, 
Bruker AXS GmbH, Karlsruhe, Germany). The [010] slip plane on the crystal slice surface 
was also confirmed by XRPD analysis. The crystal structure of the ?-glycine was visualized 
by Mercury software (The Cambridge Crystallographic Data Centre, Cambridge, UK).
5.3.4 Glycine contact angle 
The contact angles between the glycine surface and the solvents were measured with a contact 
angle measurements system (CAM 200 Optical Contact Angle Meter, KSV Instruments Ltd, 
Helsinki, Finland). 
5.3.5 The thickness of the tablet film coating 
The thickness of the coating (III) (35-40 µm) was estimated from the increase of the tablet 
height (n=10), which was measured with a digital micrometer (Sony Micrometer, Sony 
Magnescale Inc, Tokyo, Japan).
5.3.6 Optical microscopy and scanning electron microscopy 
The overall view of the tablet surfaces was taken with an optical microscope (I) (Leica 
DMLB, Leica Microskopie & Systeme GmbH, Wetzlar, Germany) and a Scanning electron 
microscope (SEM) (I-II) (Zeiss DSM 962, Oberkochen, Germany). The SEM pictures were 
also used as a reference for the laser profilometer measurements (I-II). The magnifications 
used x200 lactose monohydrate and x500 for theophylline anhydrate powders were (II).
___________________________________________________________________________
42
The surface of the film-coated tablets (III) was also studied by SEM. The preparation of the 
sample was accomplished by placing the tablet on the specimen holder. The samples were 
coated with a gold-palladium target using a vacuum evaporator. SEMs were obtained at an 
acceleration voltage of 8-10 kV. Energy dispersive X-ray analysis (III) (EDX) as an extension 
of the SEM (Oxford Isis EDS-detector, Oxford Instruments Ltd., High Wycombe, United 
Kingdom) was used to detect the magnesium stearate and titanium dioxide of the tablets. 
EDX analysis was used in the mode of semi-quantitative detection and the acceleration 
voltage used was 20 kV. The magnification used during the EDX analysis was x50. 
In the study IV the crystals surfaces were imaged by the built in optical microscope (with 20 x 
optical lens) of the atomic force microscope (Autoprobe CP, Thermomicroscopes, Sunnyvale, 
CA, USA) in order to give general view of the crystal surface. 
5.3.7 Laser profilometry 
Millimetre scale areas of the powder compact surfaces were measured by a laser profilometer 
(UBM Microfocus Measurement System, UBM Messtechnik GMbH, Ettlingen, Germany), 
which was used to image and measure the roughness of the compact surfaces using image 
sizes 1 x 1 mm (I) and 2 x 2 mm (I-II). The measurement range was ± 50 µm, the laser spot 
size was 1 µm and the lateral resolution was 1000 points/mm. The resolution in the vertical 
direction was ± 0.1 µm. The laser output was 0.2 mW and the laser wavelength 780 nm. 
Roughness parameters average roughness (Ra) (I-II), the root mean square roughness (Rq) (I-
II) and the peak to valley height (Rp-v) (I) were calculated from the 1 x 1 mm (I) or 2 x 2 mm 
(II) measurement areas. 3D images were drawn from 2 x 2 mm data files using Mathematica 
4.0 software (Wolfram Research Inc, Champaign, Illinois, USA). After data collection the 
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image data was levelled to remove the slope caused by the tilting of the tablet surface and 
tilting caused by the sample plate and double-sided tape using  a data-analysis program 
(Ubsoft version 2.8 DOS, UBM Messtechnik GMbH, Ettlingen, Germany).
The surface roughness of the tablet cores and the coated tablets (III) were also measured with 
the same laser profilometer. In this study, the surface roughness was studied using an area of 
3 mm x 3 mm and a lateral resolution of 125 points/mm. The measurement time for each 
tablet was 30 minutes. The average roughness values (Ra) were determined from at least six 
tablets. After data collection, the image data was levelled to remove roundness caused by the 
roundness of the tablet using the Ubsoft data-analysis program. At the same time as the 
roughness information, the reflectance signal from the laser profilometer was also recorded. 
The maximum reflectance of 100% corresponds to a mirror surface and 5% is the minimum 
reliable reflectance of which measurement can be made. The tablet core surfaces and the final 
coated tablet surfaces were also measured with a higher resolution of 1000 points/mm, in 
order to image the 3D shape of the surface. Laser profilometer images showing the 3D shape 
of the surface were drawn by the Mathematica 4.0 program as mentioned above. The 
differences in the results were analyzed using Student’s t-test in Microsoft Excel software 
(Microsoft Excel 2002, Microsoft Corporation, Redmond, WA, USA).
The same laser profilometer was used to measure the surface area of glycine crystals on a 
larger scale (IV). The surface roughness was measured from a 1 mm x 3 mm area, but the 
actual calculation of the roughness values was made from a 0.5 mm x 1.5 mm area to remove 
the problems caused by crystal slice edges in some crystals. The roughness parameter used in 
this study was of average roughness (Ra). All the crystal slices were positioned in the same 
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direction during AFM and laser profilometer measurements. The longer axis of the crystal 
slice was always parallel to the horizontal direction of the images. 
5.3.8 Atomic force microscopy 
Atomic force microscope (AFM) (Autoprobe CP, Thermomicroscopes, Sunnyvale, CA, USA) 
was used to image the microstructure of the compacts and crystal surfaces from 10 µm x 10 
µm (I), 50 µm x 50 µm (IV) and 90 µm x 90 µm (I) areas. The measurements were made 
using 512 x 512 point measurement density. The surface roughness values were calculated 
from 90 µm x 90 µm areas (I). AFM imaging was performed in the tapping mode (I and IV) 
with a cantilever which had a spring constant of 3.0 N/m (Silicon cantilever NSCH11A, NT-
MDT Ltd, Moskow, Russia). In addition, contact mode imaging was used with some crystal 
samples (IV). AFM imaging was carried out in normal room conditions using a large area 
scanner (100 µm lateral scan size).   
5.3.9 Calculation of roughness maps 
The roughness parameters (II) Ra and Rq were calculated in two different ways from the laser 
profilometer data: first by the Standard method using the analysis program submitted with the 
equipment Ubsoft software (see above) and then by our new Matrix method, which gives 
detailed localized roughness information about the surface. The standard method gave a single 
roughness value for both the Ra and Rq parameters describing the whole measured 2 x 2 mm 
area.
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 In the new Matrix method (II) the 2 x 2 mm areas (corresponding to 4 million data points) 
were divided into 400 small squares (squared matrixes) and the Ra and Rq roughness 
parameters of those squared matrixes were calculated using Mathematica 4.0 (II, Fig. 1). The 
size of the squares was chosen to be 10000 points in order to achieve adequate statistical 
significance for the local surface roughness estimates. A similar division of the measured area 
into smaller sections was earlier described in the literature by Yoshinobu et al. (Yoshinobu et 
al. 1994), but they used the sectioning for the measurement of scale independent roughness 
from atomic force microscope images. In this study, the Ra roughness values of the small 
squares were drawn to roughness maps which illustrate the variation of the roughness on the 
different areas of the sample surface. The roughness values in the roughness maps were scaled 
between 0 and 1 to enhance differences in the maps. The roughness maps were used to 
condense the large amount of information in the original laser profilometer images. By this 
way, the roughness maps help to visualise differences in local roughness.
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6. Results and discussion 
The following chapter is divided so that in the sections 6.1 – 6.3 are concerned with the 
surfaces describing through different imaging techniques and in sections 6.4 – 6.6 the surfaces 
are described through roughness measurements.
6.1 Surface imaging by optical microscopy and scanning electron microscopy 
6.1.1 The surfaces of the powder compacts 
In the studies of model compact surfaces (I-II) made from potassium chloride, sodium 
chloride, lactose and theophylline the microscopy results suggested that for all the materials 
the lower 30 kN compression force yielded rougher compacts than the compacts made with 
80 kN compression force. This supports the earlier findings with other excipients that a higher 
compression force usually produces smoother tablets (Rowe 1979, Podczeck 1998, Riippi et 
al. 1998; Narayan and Hancook 2003). Even though the compression pressures in used this 
study where higher (225 and 600 MPa) than those in the used in the previous studies (mostly 
<150 MPa). Optical microscopy and SEM (I) showed that the general appearance of the KCl 
compacts were smoother than the NaCl compacts and the smoothest compact was the 80 kN 
KCl compact (I, Fig. 2a and 3a). This is most likely due to the difference between the melting 
points of the ionic powders (NaCl 801 °C, KCl 776 °C) and the differences in the atomic 
radiuses of the sodium and potassium, since the particle sizes of the powders were similar 
(~250 µm). Also, SEM images (II) suggested that with lactose monohydrate and theophylline 
anhydrate, higher compression pressure produced surfaces where holes or gaps between 
particles were smaller because the higher compression pressure packed the particles closer to 
each other (II, Fig. 2a-2d). A similar phenomenon was also seen with the KCl and NaCl 
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compacts (II). The smaller holes between particles yield smaller roughness this has been 
shown also by Narayan and Hancook (Narayan and Hancook 2003).
The particle size and shape of the original test materials were still visible in the optical 
microscope (I) and SEM images (I-II) of the compact surfaces (I, Fig. 2 a – 2d and 3a – 3d; II, 
Fig. 2 a – 2d). NaCl and KCl had a particle size around 250 µm according to the SEM images 
(I, Fig. 1a – 1b). The particle sizes of KCl, NaCl, lactose monohydrate and theophylline 
anhydrate were also studied by image analysis (II, Table 1). There were not large differences 
in the particle sizes of the ionic materials between the SEM images (~250 µm) and the optical 
image analysis (KCl 190 ± 92 µm, NaCl 210 ± 130µm) results. The large particles of KCl and 
NaCl (I) were easier to identify from compact surfaces than the smaller organic particles (II) 
(average sizes 30-40 µm). Especially in the case of the NaCl compacts (I), the characteristic 
cubic particles were clearly detectable, since the particles were not joined together as 
uniformly as in the KCl compacts. With the organic materials (II) the original particle borders 
were easier to identify in the case of lactose monohydrate compacts, but the original 
“crystals” were also visible in the theophylline anhydrate compacts. With the lower 
compression pressure, there were a number of small particles (<10 µm) visible on the surface 
of the lactose monohydrate compacts. This could not be seen on the compacts made with the 
higher compression pressure. On the 80 kN lactose monohydrate and theophylline anhydrate 
compacts the holes between larger particles (tens of micrometers) seemed to be filled up with 
smaller particles. This suggested that fragmentation is the main compaction phenomenon 
which created smoother surfaces. Lactose monohydrate has been described to compress 
mainly with fragmentation, which can lead to the formation of small particles filling the holes 
between larger particles (Roberts and Rowe 1986; Bolhuis and Chowhan 1996; Narayan and 
Hancook 2003). On the other hand, theophylline anhydrate has been described to compress 
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with a plastic flow at compression pressures below 150 MPa (Suihko et al. 2001). It is evident 
that with the higher compression pressures (225 and 600 MPa) used in this study, 
theophylline anhydrate particles fragment that might explain the smaller particles seen in the 
80 kN theophylline anhydrate compacts.
Optical microscopy and SEM are good techniques for the assessment of the roughness and 
quality of the tablet (compact) surfaces. Just by looking the image information, it can be 
difficult to give accurate descriptions of the roughness differences between samples if the 
roughness differences are small. For a fast overall classification of tablet surface roughness, 
optical microscope is the better method than SEM because it is faster and cheaper. The 
advantage of the SEM is the higher resolution. The effect of compression pressure to the 
surface roughness has been studied earlier with different excipients and different compression 
pressures. This gave a good background for studying the use of imaging and roughness 
analysing techniques and their usability, even though the surface roughness does not 
necessarily degrease linearly with the increasing compression pressure as e.g. Riippi et al. 
have shown (Riippi et al. 1998).
6.1.2 Monitoring the tablet coating process 
On the tablet core surface (III) the particles of microcrystalline cellulose were easily seen in 
the SEM images (long particles, 50-100 µm in length) (Fig. 6). The surface had flat areas, 
which were formed from one large particle or several smaller particles. Between flat areas 
there were deep and wide holes, some being ~20 µm in diameter. When the spraying time in 
the batch without the pigment had lasted 2.5 minutes, some slight modification and coating of 
the surface could be seen in the SEM images, but the surface was nearly the same as that of 
the core tablet (Fig. 6). After 5 minutes coating, there were areas on the tablet surface that had 
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coating, but most of the surface still had the appearance of the core tablet (Fig. 6). After 15 
minutes the surface had been fully covered with a thin coating layer and only larger holes 
from the tablet core were visible under the coating (Fig. 6). After 30 minutes, the coated 
surface did not change markedly (Fig. 6). The development of the coating batch with titanium 
dioxide was similar as the batch without the pigment, but there were small particles visible in 
the pigmented coating (Fig. 6). These particles were titanium dioxide aggregates.
The SEM images give a good general view of the development of the tablet coating. The 
problem with the SEM imaging of the large coated tablets is slowness of the vacuum 
development during the measurements. This limits the number of samples. This is due to the 
air and the moisture that is trapped inside the tablets and is released during the vacuum 
pumping. In addition, there is a risk of melting or burning the polymer film on the tablet 
surface with the electron beam. The optical microscope would faster choice, but problems 
with optical microscopy are the resolution and the image contrast on a white surface.
Figure 6. Scanning electron micrographs (SEM) showing the progress of film coating of 
tablets in a side-vented drum coater. Key: 0 min (surface of the tablet core), 5 min (batch 
unpigmented), 15 min, 30 min, 60 min, A (final unpigmented film-coated tablet batch) and 60 
min, B (final pigmented film-coated tablet). Magnification x500, length of scale bar 50 µm. 
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The EDX analysis option of the SEM was used in order to get additional information about 
the polymer coating coverage on the tablet surface at different time points during the coating. 
The EDX analysis of tablet cores (III) clearly showed a magnesium peak which came from 
the magnesium stearate of the tablet formulation (III, Fig. 4). The magnesium signal in the 
EDX spectrum was clearly seen in the core of the tablet, and the samples taken at 2.5 minutes 
and 5 minutes (III, Fig 4 and 5). In the 15 minute sample, the magnesium signal was clearly 
weaker than in the earlier samples. The 30-minute sample and subsequent samples did not 
have a magnesium signal in the EDX spectrum. It was observed that after 15 minutes of 
coating, the polymer film covered the tablet surface almost completely and after 30 minutes 
the film covered the whole surface. In batch 2, the magnesium signal was still visible after 2.5 
and 5 minutes, but after 15 minutes of spraying the peak was not visible. The titanium peak 
was strong after 2.5 minutes of spraying and was at a similar level after 5 minutes (III, Fig. 5). 
After 15 minutes, the signal became stronger and at later time points the signal strength did 
not change remarkably. The EDX analysis was done with small magnification (x50 versus 
x500) than the SEM imaging in order to get information on a larger area than the shown SEM 
images cover (Fig. 6). With this smaller magnification approximately 2 mm x 2mm area was 
covered. The samples were coated with a gold-palladium target, but other option could have 
been carbon coating using a vacuum evaporator. The carbon coating might have given a better 
signal strength in the EDX, but negative side would have been poorer image quality in the 
SEM images. EDX analysis gives valuable information about the basic elements on the tablet 
surfaces, but usually due to measurement time limitations only a limited number of samples 
can be measured as in the case of SEM.
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6.1.3  The crystal surfaces 
The optical microscopy was able to visualise some of the largest features (crystal steps) of the 
crystal surfaces (IV) and gave a quick general comprehension of the whole crystal surface. 
The optical microscope showed large differences in the step density on the pure glycine slice 
surfaces (IV, Fig. 3). In some areas there were several crystal steps (visible by optical 
microscope) in within 100 µm distance and in others one or no steps at all. The step density 
differences could be seen not only in the optical microscopy and laser profilometry images, 
but also in the AFM images on a different scale (IV, Fig. 2 - 4). The steps and other surface 
features seen on the crystal surface were most likely due to the cleaving of the crystals (Swain 
et al. 1974; Sangwal et al. 1997; Shindo et al. 2001; Borg and Sangwal 2004). The optical 
microscope images showed similar larger scale crystal steps on the pure crystal surface as the 
laser profilometer. Typically, these steps were seen as parallel lines in the images. The reason 
why the step density differences appear is the in the crystal defects and how the cleaving 
affect to them. In optimal case the crystal would cleave along the same crystal plain leaving 
no steps. 
Ethanol washing changed the surface of the crystal slightly on a larger scale, but the largest 
crystal steps were still recognisable by the optical microscope, only some of the smaller 
crystal steps had disappeared (IV, Fig. 3). The water washing cleared all recognizable surface 
features from the surface and the size of the whole crystal diminished slightly. The water 
washed surface looked smoother under the optical microscope since there were no large 
crystal steps that could be seen, but in reality, the surface clearly became rougher after the 
water washing. The optical instruments have a theoretical maximum resolution of 1 µm, and 
thus we cannot see the small scale changes on the crystal surface with them. On the other 
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hand, the optical methods can cover the whole crystal surface at one time to give a statistically 
relevant picture of the whole crystal.
6.2 Surface imaging by Laser profilometer
6.2.1 The powder compact surfaces 
Laser profilometer images were used in the characterisation of compact surfaces made by an 
IR press (I-II). Many compact surface features visible in the optical microscopy images were 
also visible in laser profilometer images (I, Fig. 4). The original KCl and NaCl powder 
particles (size ~250 µm) were easy to recognize from the images. The original organic 
powder particles were nearly visible in the laser profilometer images (II, Fig. 3 and 4). The 
laser profilometer images also showed that higher compression pressure produces smoother 
surfaces because the particles were packed denser (Podczeck 1998; Riippi et al.1998). Laser 
profilometer images support the findings of optical microscopy (I) and the SEM (II) as 
described above. Especially with lactose monohydrate (II), both size and amount of holes or 
gaps between the larger particles were smaller with the higher compression pressure. Similar 
behaviour was also observed with KCl and NaCl (I). The laser profilometer showed that the 
“particle” areas on the NaCl and KCl compacts were not at the same height level (Fig. 7). 
This can be seen as a colour difference in the figure between neighbouring particles. Most 
likely this means that compression pressure has not divided equally on the tablet as the 
Eiliazadeh et al. have shown earlier (Eiliazadeh et al. 2003). The relaxation of the tablet 
structure after compression has ended might also have influenced to the surface height 
differences. There were some small areas on the 30 kN NaCl compacts, which were not 
properly imaged by the laser profilometer. These image defect areas existed in the particle 
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border areas, next to some large holes. The image defects were caused by poor laser beam 
reflection from the compact surface, a problem that affects the height data and thus the 
reliability of the data. The laser profilometer can produce images from the surface that have 
similar resolution on the horizontal plain as the optical microscope. Optical microscopy is of 
course much faster technique in imaging than the laser profilometry, but it lacks the height 
scale information of the profilometer. From the laser profilometer images it is possible to see 
how for instance the powder particles have joined since the images are drawn from the height 
information.
(a)     (b)
 (c)      (d)
Figure 7.  Laser profilometer micrographs of the compacts (I) (a) 80 kN KCl, (b) 30 kN KCl, 
(c) 80 kN NaCl and (d) 30 kN NaCl. 
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6.2.2 The monitoring the tablet coating process 
On the tablet core surface (III) the particles of microcrystalline cellulose and deep holes were 
seen in the SEM images as mentioned above (Fig. 6). The laser profilometer images also 
showed flat areas and that there were deep holes on the tablet core surface (III, Fig 2a) The 
laser profilometer images from the coated tablets look quite different when compared to each 
other (III, Fig. 2b and 2c). The surfaces of tablet without pigment surfaces looked rougher and 
more porous in the laser profilometer images. The surface shapes without the pigment seemed 
to be sharper. The surface of the tablet with pigment had a slightly smoother appearance and 
had rounder shapes on the surface. It occurs due to the better reflection properties of the batch 
2 coating caused by the titanium dioxide. The reflectance signals from the profilometer 
recorded at the same time as the roughness measurements were made showed that the batch 
with pigment had clearly better reflection properties (27%) than the batch or the core tablets 
(III, Fig. 3). The core tablets had reflectance of 19%, which was higher than the value of the 
tablets from the batch without the pigment (14%). During the film coating process the amount 
of reflectance changed differently in the batches with or without the pigment. In the un-
pigmented batch, the reflectance started to decrease right from the beginning and continued 
decreasing for 45 minutes. The reflectance value decreased from 19% to 14%. After 45 
minutes of spraying, the reflectance remained at the same level. In the pigmented batch, the 
reflectance did not change at the beginning but then the reflectance started to rise for 45 
minutes, at which point the reflectance reached its maximum (~27%). The reflectance 
information has to used carefully since surface roughness also affects the amount reflection, 
not only the material reflection properties. In this study, there were not clear roughness 
differences between the batches, so the effect of the roughness to the reflection should be 
irrelevant. Laser profilometer reflectance information has previously been used to give 
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qualitative information about the surface properties of tablets and about surfaces containing 
pigments (Salako et al. 1998; Rissa and Lepistö 2000).
6.2.3 The crystal surfaces 
On the crystal surfaces (IV), the laser profilometer images revealed differences in the density 
of the crystal steps (IV, Fig. 4). The step density differences were also seen in the optical 
microscope and AFM images, but on a different scale. As described above the mechanical 
stress caused by the cleaving was the most likely reason for the crystals steps seen on the 
glycine crystal surfaces. According to the laser profilometer measurements, these steps were 
in the order of dozens of molecule layers thick and the distance between the steps were from 
tens of micrometers to hundreds of micrometers. On a typical pure glycine surface the steps 
were roughly 50 nanometres high, corresponding to about 50 molecule layers. After ethanol, 
washing the same surface looked slightly different. The small steps had disappeared and they 
were replaced by a couple of large crystal steps (height about 150 nanometres). At some 
places on the pure glycine surface there were some small crystal fragments which came from 
the cleaving process (IV, Fig. 4c). Water washing cleared all the previous surface features and 
the remaining surface was much rougher than before the washing or after ethanol washing.
Glycine is poorly soluble in ethanol and ethanol evaporates much faster than water, this 
explains the small effect to the surface. Earlier Wen et al. had shown that many organic 
solvents have a very small effect on the surface of the ?-glycine crystals (Wen et al. 2004). In 
addition, the volume of the ethanol droplet was about half of the water droplet. These factors 
support the results from the laser profilometer measurements that indicate that ethanol 
washing had an insignificant (± 10%) effect on the surface roughness of glycine surface.  
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The laser profilometer gives better image of surface height differences on the crystal surfaces 
than optical microscope. From the optical microscope, images it can difficult to estimate for 
instance which of the crystal steps is higher or lower compared to the next step. Again, the 
imaging by laser profilometer is slow and horizontal resolution is not better than the 
resolution of the optical microscope. In the laser profilometer and AFM, images the height 
scale differences between different images can cause some confusion because the colour scale 
of an image is set according to the height range the measurement data. This means that the 
height scales can be difficult to estimate without any numerical height data (roughness data). 
The due to colour scaling limitations it is difficult to see smaller structures in the image if 
there are large height differences. For instance the step structure on upper part of the figure 4c 
(IV) is similar to the step structure in figure 4a (IV). In the figure 4c the structure is seen 
poorly due to different kind of colour scale, which originates from one large step in the lower 
part of the image.
6.3 Surface imaging by AFM
6.3.1 The powder compact surfaces 
Too high surface roughness is the largest limiting factor in AFM imaging. Usually, all tablets 
have areas on the surface, which are too rough to measure or local roughness limits the proper 
image size markedly. For example, the tablets and coated tablets in the coating study (III) 
were too rough for reasonable AFM analysis. That is why the AFM imaging of the KCl and 
NaCl compacts (I) was done on a chosen flat area in order to get as big an image as possible. 
The best areas to image were the faces of the large “particles”, meaning places where the 
original powder particles were recognisable. In the case of the 30kN and 80 kN KCl compacts 
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borders between particles were smoother in the NaCl compacts. Increasing compression 
pressure made the KCl and NaCl compacts smoother and less porous (I, Fig. 5). The 
characterisation of tablet surfaces by AFM has not been widely discussed in the literature but 
it has been shown that increasing compression pressure could yield smoother tablet surfaces 
(Sindel and Zimmermann 2001; Muster and Prestige 2002). Surface features on the 80 kN 
KCl compacts were very smooth and had a round shapes but the surface shapes of the 30 kN 
compacts were much sharper and the surfaces were much rougher. The situation with NaCl 
compacts seemed to be quite similar to the KCl compacts. According to the literature in the 
case of NaCl there is a decrease in porosity between 225 MPa and 600 MPa compression 
pressures (compression forces 30 kN and 80 kN) (Adolfsson and Nyström 1996). With 600 
MPa compression pressure (80 kN compression force) NaCl is very close to the zero porosity. 
The 80 kN NaCl compact was smoother and its surface was full of a layer structure which 
might be due to recrystallisation of the NaCl. The NaCl compacts made with a lower 
compression pressure they also had large cracks on its surface that reflect the greater 
roughness and porosity. The AFM is good technique to image the tablet surfaces in special 
cases when especially high resolution is needed in combination to a need of quantitative 
information from the surface. By the AFM is it possible to measure distances and height 
differences in addition to the roughness parameters. The AFM is not a good choice when 
good statistical coverage of the surface is needed.
6.3.2  The crystal surfaces 
In the imaging of the crystal surfaces (IV) AFM was able show large differences in the step 
density on the pure glycine slice surfaces (Fig. 8 and IV, Fig. 2). The step density differences 
could be seen not only in the optical microscopy and laser profilometry images, but also in the 
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AFM images. The step density in the AFM images ranged from a very dense structure where 
the steps where less than 1 µm apart from each other to areas where the steps were tens of 
microns apart. Similar differences were seen in the larger scale images taken by an optical 
microscope and laser profilometer.
Figure 8. AFM image of the glycine crystal surface, 50 µm x 50 µm. a) Pure cleaved surface 
of glycine crystal, Ra roughness 0.52 nm. b) Pure cleaved surface of glycine crystal, Ra 
roughness 0.28 nm. c) Ethanol washed surface of the glycine crystal from the same area on 
the surface as in Fig. 5a, Ra roughness 4.60 nm. d) Ethanol washed surface of the glycine 
crystal, Ra roughness value of the area 1.15 nm. e) Water washed surface of a glycine crystal 
from the surface of the same crystal as in Fig. 5b (IV), the Ra roughness 9.6 nm. f) Water 
washed surface of a glycine crystal the Ra roughness was 4.78 nm. 
The AFM images from the pure glycine slice surfaces showed a step structure, which was 
aligned generally in the same direction as the steps in the optical microscope images. The 
orientation of the steps was mainly along the longer axis of the crystal (IV, Fig. 1a). The step 
structures seen in the AFM images (~1 nm) were much smaller in scale than the steps seen in 
the optical microscope or laser profilometer images (tens to hundreds nanometers). The step 
heights in all of the crystals had thicknesses from single to multiple (1 nanometer to couple of 
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nanometres) molecule layers. In the AFM images, there were also sharp edges due to the 
cleaving of the crystals. These results were in agreement with the findings of Carter et al. 
since the step heights (single step 8.9 Å) and the orientation of the steps seemed to be similar 
(Carter et al. 1994). The sharp edges were most likely due to cleaving as mentioned above.
The use of crystal structure visualization software such as Mercury, made it easier to 
understand why ?-glycine crystals can be cleaved in along the [010] slip plain. In the ?-
glycine structure is a bi-layer structure where there is a weaker bonding between the 
molecules of the bi-layers. In addition, the crystal structure visualization helps to understand 
what kinds of crystal step heights can be expected of the cleaved surface since it is possible to 
measure distances within the structures. The AFM imaging is able to image the crystal surface 
structure in detail this can give information about the growth of the crystal. Quite often, the 
surfaces of the real crystals have a large number of defects which originate from e.g. cleaving 
and crystal structure defects. The defects on crystal surfaces can make the interpretation of the 
surface image difficult.
The effect of ethanol washing treatment on the glycine crystal surface was much larger on the 
AFM scale than optical microscope or laser profilometer scale (Fig. 8). Ethanol washing 
dissolved nearly all the small step structures from the surface of the crystal, even though 
glycine is poorly soluble in ethanol. The new crystallized surfaces were quite heterogeneous 
and had many different kinds of areas on the surfaces. There were growth hillocks in some 
areas and some 2D nucleation were visible. The smallest step heights in the hillocks were ~1 
nm high which was in good agreement with the thickness of a single bi-layer (8.9 Å). In 
addition, small 2D islands could be found on the top of the larger steps. These 2D islands 
were about 1 nm high and microns in diameter. The water washing modified the surfaces 
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totally in the laser profilometer and in the AFM scale. In some places, the roughness increase 
with water washing was reasonably close to that seen with ethanol washing, but in other 
places the surface became unmeasureable since the roughness increased so dramatically or the 
whole area dissolved away. Water washing changed the surface more than ethanol washing 
since glycine is very soluble in water and water evaporates much slower than ethanol 
resulting in a longer contact time.
The AFM can reveal many nanometer scale details from the crystal surfaces that optical 
imaging methods cannot see. Many surfaces look very homogeneous under optical 
microscopy, but when the area is imaged with AFM a whole new world is revealed. AFM is a 
slow technique (one image 5-10 minutes) and covers a very small area (maximum of 100 µm 
x 100 µm) at the time so a very limited area can be imaged. Due to the area size and 
roughness limitations AFM measurements are largely dependent on the selection of the place 
where the measurements are made. The complete surface or even majority of the surface area 
cannot be covered by the AFM, therefore one has to select places where to measure. This 
influences the image and roughness information received by the AFM. 
6.4. The surface roughness of powder compacts
6.4.1 Standard roughness measurements 
In this chapter surface roughness parameters have been calculated in a way they in the 
standards like ASME (ASME 1995). Laser profilometer roughness values from the first 
powder compact study (I) suggested that KCl compacts were smoother than NaCl compacts 
(I, Table 1). The roughness values measured in the second study (II) (with the standard 
method) showed that the compact surface roughness increased in the order of KCl < NaCl < 
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theophylline anhydrate < lactose monohydrate (Table 2). As mentioned above the higher 
compression pressure decreased the roughness of the compacts, this has already been shown 
with some tablet surfaces using laser profilometer measurements (Podczeck 1998, Riippi et 
al.1998; Narayan and Hancook 2003). The Ra values of the KCl compacts were smaller than 
the Ra values of the NaCl compacts made with the same compression pressure (I-II). 
Similarly, theophylline compacts were also smoother than similar lactose compacts and both 
organic materials yielded rougher compacts than the ionic crystals (II). The all the Rq values 
(I and II) were larger than Ra values, which was especially the case in the 30 kN NaCl 
compacts (see below). The difference tells about the amount of sharp peaks and valleys on the 
surfaces. If the Rq is larger than Ra, there are high peaks or deep valleys on the surface, which 
have relatively small surface area compared to the whole measurement area. Variations in Rp-
v values (I) were large and the results overlap each other. Therefore, Rp-v values of the laser 
profilometer did not give good reliable information about the roughness. The difference in all 
the roughness values between KCl 80 kN and KCl 30 kN compacts was statistically negligible 
(I), but between others the difference existed.
The reflection problems with the 30 kN NaCl compacts (I-II) surface already mentioned 
caused some error points in the height data. These error points caused some high values 
(outliers) in to the data, which can be seen as a larger difference between Ra and Rq values (I) 
(30 kN NaCl Ra 0.63 µm / Rq 1.67 µm, 80 kN NaCl Ra 0.33 µm / Rq 0.46 µm). Images 
drawn from the profilometer data helped in finding these reflection points. Similar difference 
could be seen also in the results of Table 2. The roughness measured by the laser profilometer 
mainly reflects the roughness caused by the powder particles and their deformation under 
compression.
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Table 2. Ra and Rq roughness values of the compact surfaces (II) made by two compression 
forces (30 and 80 kN) and calculated using the standard methods (ASME 1995). 
Measurement area was 2 mm x 2 mm, resolution 1000 points/mm.
Material (kN) Ra (µm) Rq (µm) 
Lactose monohydrate 30  0.96 1.39 
Lactose monohydrate 80  0.56 0.77 
Theophylline anhydrate 30  0.7 0.96 
Theophylline anhydrate 80  0.42 0.55 
KCl 30  0.4 0.6 
KCl 80  0.24 0.4 
NaCl 30  0.69 1.79 
NaCl 80  0.38 0.5 
The roughness differences were clear in the line profiles of the lactose monohydrate compacts 
(II, Fig. 3c-3d). The effect of lower and higher compression pressures on the surface structure 
in the case of theophylline anhydrate was not as obvious as with lactose monohydrate, but 
some difference in the roughness of the compacts can be seen in the line profiles (II, Fig. 4c-
4f). The particle size of lactose monohydrate was larger and therefore the original particles 
were more easily detectable on the compact surfaces than with the theophylline anhydrate 
compacts (II, Fig. 3a-3b and 4a-4b). It should also be pointed out that usually the reflectance 
images did not give any additional features from the compact surfaces. However, in the case 
of the theophylline compacts the largest crystals were better visible in the reflectance mode.
6.4.2 New roughness calculation method 
In accordance with the Matrix method (II) the roughness values were calculated from the 
same 2 x 2 mm measurement areas (laser profilometer data) which were divided into 400 
small squares. The final roughness calculations were made from the values of the small 
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squares. The obtained Matrix method roughness values showed that the 30 kN lactose 
monohydrate compact was the roughest (Table 3). The higher compression pressure made the 
lactose monohydrate compact clearly smoother, this was also seen in the SEM images (II, Fig. 
2a-2d). With theophylline anhydrate compact, the compression pressure had smaller effect on 
the surface roughness. The variation of roughness in different areas was higher with lactose 
monohydrate, theophylline anhydrate and with the ionic salts when the lower compression 
pressure was used. This suggests that there were larger degrees of heterogeneity on the 
surfaces when compression pressure was lower.
Table 3. Ra and Rq roughness values of the compact surfaces (II) made by two compression 
forces (30 and 80 kN) and calculated using the matrix method. Measurement area was 2 x 2 
mm, which was divided in 400 small squares.
Material (kN) Ra (µm) Rq (µm) 
Mean ± SD (n = 400) Mean ± SD (n = 400) 
Lactose  30 0.86 ± 0.31 1.20 ± 0.40 
Lactose  80 0.42 ± 0.09 0.58 ± 0.17 
Theophylline 30 0.53 ± 0.17 0.70 ± 0.28 
Theophylline 80 0.35 ± 0.05 0.45 ± 0.08 
KCl 30 0.25 ± 0.12 0.36 ± 0.25 
KCl 80 0.14 ± 0.14 0.21 ± 0.23 
NaCl 30 0.61 ± 0.84 1.00 ± 1.33 
NaCl 80 0.27 ± 0.07 0.36 ± 0.10 
The higher compression pressure made the surface more homogeneous by filling the holes 
between surfaces with smaller fragmented particles. The compacts made of KCl and NaCl 
showed that they were smoother than the lactose monohydrate compacts, but the difference in 
surface roughness between NaCl and theophylline anhydrate was small. A comparison of the 
roughness value data using the standard and the new matrix method roughness values seems 
to suggest that in one special case our new method will give higher roughness values for the 
___________________________________________________________________________
64
30 kN NaCl compacts than for the 30 kN theophylline anhydrate compacts. However, the 
standard deviation is especially high with 30 kN NaCl compacts and therefore such reasoning 
is not statistically significant. The high standard deviation is presumably due to the reflection 
problems of the laser beam from the NaCl compacts surface since the largest holes can result 
in discontinuities in laser-beam reflection. These discontinuities can cause small artefacts in 
the images. If the laser profilometer looses surface focus (= discontinuity), the sensor moves 
rapidly up and down trying to re-establish the surface focus. This up and down movement 
causes typically one high and one low value, which are not necessary true.
The roughness maps drawn from the roughness values of the Matrix method (II) agree with 
the laser profilometer images and the line profiles (Fig. 9). When the original laser 
profilometer images show holes or high peaks, the roughness maps show large local 
roughness. These roughness maps also show surface heterogeneity, the distribution of the 
roughness and the shade of the colour shows the scale of roughness (dark – small roughness, 
bright – large roughness). The roughness maps condense the amount of information given by 
the laser profilometer images, which makes it easier to see the local roughness differences and 
the scale of roughness in the measurement area. This also helps the comparison of different 
measurements. Dividing the measured area into small squares removes the effect of large-
scale height variations like uneven powder flow or uneven distribution of the powder in the 
tablet die. This visualisation technique makes it possible to observe roughness features that 
were caused by particle size and local compression pressure. 
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Area with holes
a) b)
c) d)
Figure 9. Roughness value maps from the laser profilometer measurements of the powder 
compacts. The shade of the colour shows the scale of roughness (dark – small roughness, 
bright – large roughness a) 30 kN lactose monohydrate compact (Ra range 0.48–2.60 µm, 
mean value 0.86 µm), b) 80 kN lactose monohydrate compact (Ra range 0.27–0.91 µm, mean 
value 0.42 µm), c) 30 kN theophylline anhydrate compact (Ra range 0.40–3.28 µm, mean 
value 0.53 µm) and d) 80 kN theophylline anhydrate compact (Ra range 0.26–0.89 µm, mean 
value 0.35 µm). 
With our new Matrix method it is also possible to calculate the roughness values for small 
squares so that the squares would, more or less, overlap each other. This overlapping of the 
squares increases the calculation time tremendously and therefore we have not used it in this 
study. The size of the measurement square that dictates the resolution significantly influences 
the scale of the roughness values, like in all roughness measurements (Poon and Bhushan 
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1995; Zahouani et al. 1998). When the size of the square was changed gradually from 2000 x 
2000 to 5 x 5 point, the fractal nature of the calculation was revealed (II, Fig. 6) (Yoshinobu 
et al. 1994; Fang et al. 1997). The drawn lines show the common scaling behaviour, which 
divides the curve into regions by the size of the square (II, Fig. 6) (Yoshinobu et al. 1994). 
Furthermore, it is possible to extend the Matrix method easily for other roughness parameters 
or fractal dimensions and get the visual images of the local variations of these parameters. 
The method described is not limited to the presented measurement technique or to the scale 
used in this study. The method described can be used with any roughness measurement which 
produces numeral data e.g. atomic force microscopy.
The roughness maps cannot be used without an other image showing the true surface 
topography since the maps does not show is rough area a peak or a valley. The map is 
description of the roughness calculations not description of the physical surface. If the 
roughness values in the maps are scaled to a certain scale limit like in this study (between 0 
and 1), the maps tell the scale of the roughness in comparison to an other map scaled in the 
same way. The scaling is not compulsory, but it enhances the colour differences if the 
roughness differences are small. A care must be taken in the selection of the map square size 
since it is possible that a valley or a peak is seen as flat area if the map square area matches 
the surface feature.
6.4.3 AFM roughness measurements 
AFM roughness measurements on the compacts (I) were made for a 90 by 90 µm flat areas 
(n=4) on the compact surfaces. As mentioned above these areas were chosen to be flat areas 
on the surfaces. The AFM images presented in IV were taken from smaller 10 µm x 10 µm 
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area in order to get higher resolution (I, Fig. 5). AFM roughness values suggested that KCl 
compacts were smoother than NaCl compact as in the case of the laser profilometer (I, Table 
2). As the other results have suggested above, the higher compression pressure decreases the 
roughness of the surface. Peak to valley height (Rp-v) values (from lowest point to highest 
point) measured with AFM gave similar results as the Ra and Rq values. The Rq values were 
slightly higher than Ra values, which was due to some sharp valleys and peaks on the surface. 
A similar phenomenon is discussed above in chapter 6.4.1 in the case of laser profilometer 
roughness data. The results in Rq and Rp-v values between KCl 30 kN and NaCl 80 kN 
compact overlap, but there was a small difference between the Ra values. Since the AFM 
measurements were made on the top of the “particles” as explained above, the AFM 
roughness data reflects only the roughness of single crystalline particles on the surface and 
their deformation under the compression, not the roughness of the whole compact.
The roughness measurements complement the AFM image information and give quantitative 
information about height differences. The laser profilometer roughness data reflects the 
roughness of the whole compact and the AFM roughness data is limited to the roughness of 
single crystalline particles. 
6.5. The surface roughness of the coated tablets 
The core tablets (III) were reasonably smooth and the average roughness of the cores was 
1.53 ± 0.16 µm. When the coating process began, the surface roughness also started to 
increase (Fig. 10). Changes in roughness already started to appear after 2.5 minutes of the 
process time, even though a very small amount of polymer solution was applied. The increase 
of roughness at the beginning was most likely due to the dissolution effect of the polymer 
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solution and mechanical wear caused by the mixing in the coater drum (Rowe 1988). The 
increase in roughness was greatest before the 15 minute point. Between 15 and 30 minutes the 
roughness increase was smaller, but the variation in the results was large. According to the 
SEM images and the EDX results, this was the same time period when the coating covered 
the surface completely. Our findings were quite similar to the earlier studies of Podczeck et al. 
who also monitored the film coating with a laser profilometer and SEM (Podczeck et al. 
1999b). Podczeck et al. found that it took roughly 30 minutes to achieve a fully covering 
coating. The roughness of the tablets clearly increased this is a quite common known feature 
(Rowe 1978). The coated tablets from batches without and with pigment did not have any 
statistical difference in roughness, this was also predicted since the amount of pigment was 
reasonably small (Rowe 1978).
Figure 10. Laser profilometer roughness values and theoretical amount of polymer coating on 
the tablet surface as a function of process time in a side-vented drum coater. Key: Batch 1 
unpigmented film coatings (n = 6) and Batch 2 pigmented film coatings (n = 6). The broken 
line illustrates the theoretical amount of coating polymer applied (mg/cm2) as a function of 
time.
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The laser profilometer is a non-invasive technique that gives quantitative 3D information 
about the tablet surface. With this technique, the measurement is possible when the surface 
reflects more than 5% of the initial laser light. In the present study, gold sputtering was not 
needed on the tablet surfaces, since we were confident that laser light reflected back 
sufficiently from the developing polymer film surface. However, Chopra et al. (2002) used 
gold sputtering in their study when they measured the surface roughness of polymer coated 
pellets (Chopra et al. 2002). The reflection information of the profilometer can be used to 
follow the progress of the surface properties in a qualitative manner. A care must be taken 
when using the reflection information since the surface roughness also affects the reflection, 
not only surface material properties like colour.
6.6. The surface roughness of the crystals 
The roughness of the pure cleaved crystal surface (IV) varied significantly in the laser 
profilometer measurements, because of the rather rough cleaving process. The Ra roughness 
values ranged from 0.03 µm to almost 0.4 µm, this also includes some outliers. The variation 
was linked directly to the cleaving of the crystal. The most common average roughness (Ra) 
values (area 0.5 mm x 1.5 mm, resolution 125 points/mm) for the pure glycine surfaces were 
in the region of 0.1-0.2 µm. The average Ra roughness for a pure glycine surface was 0.15 
µm. Because of the large variations, it is necessary to measure the roughness from the same 
area before and after washing in order to get a better view of the roughness changes. The large 
roughness differences of the pure glycine surfaces made the statistical comparison difficult, 
but despite large variations in the laser profilometer measurements, they gave a reasonable 
good description of the roughness of the whole crystal slice before and after washing.
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Ethanol treatment did not have a large effect on the surface roughness when measured with a 
laser profilometer. In most of the cases, the roughness showed a small (± 10 %) increase, but 
there were also cases where the roughness decreased slightly. After ethanol washing the Ra 
roughness values were in the region of 0.1-0.2 µm. The average Ra roughness for ethanol 
washed glycine surfaces was 0.16 µm. The laser profilometer could not find any statistical 
roughness difference between the pure glycine surface and the ethanol washed surface. This 
was most likely linked to the low solubility of glycine to ethanol.
As mentioned above water washing treatment yielded a larger increase in roughness than 
ethanol. The result of the water washing was greatly dependent on how well the water droplet 
was spread on the surface. In a couple of tests, the water droplet was not spread on the surface 
and result was a large cavity on the spot where the droplet was situated. The increase in 
roughness in water washing varied from about a 20% increase to a 100-time increase, 
depending on how the droplet was spread on the surface. The water washing affected to the 
surface in a larger extent and the roughness values were usually between 0.5-1.5 µm, the 
average value being 0.82 µm.  
Optical instruments which have a theoretical maximum resolution of 1 µm, can not see the 
small scale process on the crystal surface. On the other hand, the optical methods can cover 
the whole crystal surface at one time to give statistics for the whole crystal. The effect of 
ethanol washing on surface roughness was small at least on the micrometer scale. The effect 
of water on the glycine surface was on the other hand so large that it could be seen very 
clearly with a optical microscope and with laser profilometer. The change in the surface 
roughness can have significant effects on surface properties such as contact angle (Peltonen et 
al. 2004). The optical microscope is a very valuable tool in crystal imaging, because it fast 
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and easily accessible, but it lacks the laser profilometers ability to give 3D numerical data 
about the surface.
The surface roughness after ethanol washing increased markedly on the AFM scale, but the 
increase was greatly dependent on the place where the measurement was made. It was 
difficult to give an accurate description of how much the surface roughness increased. The 
reason for this was the surface heterogeneity and the small measurement areas in comparison 
with the size of the whole crystal surfaces. In the optical microscope images before and after 
washing, many of the crystal surface features were visible (IV, Fig. 3a and 3b). In the AFM 
images from the same area (as in Fig. 3a and 3b, IV) the surface looked quite different and the 
roughness had increased greatly after the washing (Fig. 8). Water washing modified the 
surfaces totally in the laser profilometer and in the AFM scale as mentioned above. The 
change in surface roughness was at least 10 fold compared to a pure glycine surface.
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7. Conclusions 
In this study the specific findings were: 
1. Optical microscopy is still a very efficient technique, which yields information that SEM 
and AFM imaging are not able to provide. Roughness measurements complement the image 
data by giving quantitative information about height differences. AFM roughness data 
represents the roughness of a single crystalline particle and therefore it needs other methods 
like laser profilometer to provide broader description of the surface. 
2. The new method visualises surface roughness by giving detailed roughness maps. The 
roughness maps show local variations in surface roughness values and provide a picture of the 
surface heterogeneity and the scale variation of the roughness between the samples.
3. The laser profilometer results showed that the increase in surface roughness was largest 
during the first 30 minutes of spraying when the surface was not yet fully covered with 
coating. The scanning electron microscopy images and the dispersive X-ray analysis results 
showed that the surface was fully covered with coating within 15 to 30 minutes. The 
combination of the different measurement techniques made it possible follow the change of 
surface roughness and development of polymer coating. 
4. The optical imaging techniques gave a good overview of the processes affecting the whole 
crystal surface, but they lacked the resolution to see small nanometer scale processes. AFM 
was used to visualize the nanoscale effects of cleaving and reveal the full surface 
heterogeneity which underlies the optical imaging. Ethanol washing changed small 
(nanoscale) structure to some extent, but the effect of ethanol washing on the larger scale was 
small. Water washing caused total reformation of the surface structure at all levels
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